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The ability of modern maize (Zea mays L.) hybrids to accumulate more biomass 
and nitrogen (N) after the flowering period with extended photosynthesis capacity has 
been associated with improvements in grain yield (GY) and nitrogen use efficiency 
(NUE). The overall objectives of this research are to improve knowledge on N dynamics 
and physiological traits that are correlated with NUE using the “pulse-labeled” 15N 
application as a novel phenotyping strategy to characterize maize hybrids varying in yield 
stability and responsiveness to N under limited N environments. Three field experiments 
were established at Purdue University’s research farms during the 2013 and 2014 
growing seasons; in each experiment five hybrids, including pairs of two modern “high 
yielding” commercial hybrids and two “high N responsive” hybrids (or potentially 
superior in NUE) and one old era hybrid from the 70’s were compared under zero N 
fertilizer application (0N) and a moderate rate of 112 kg of N per ha (112N). The “pulse-
labeled” application of 15N at low N rates (2.1 to 3.2 kg 15N ha-1) in the root zones on 
both sides of consecutive plants enabled precise estimation of N uptake efficiency and 




per location/year between V14 and R6. Plant recovery of 15N was determined in above-
ground maize plant components sampled 4 to 6 days after pulse labeling. Before 
flowering, plants recovered about 45% of the 15N fertilizer applied and 15Nu was more 
evenly distributed in plant components with about 50% of the total 15Nu found in the 
leaves and ~ 40% in the stems; a small amount of 15Nu was found in the husks at late 
vegetative stage. After the flowering period, 15Nu decreased in the vegetative organs and 
increased in the ears and/or kernels as the season progressed. Even at the late R5 stage 
plants recovered about 20% (at 0N) or 30% (at 112N) of the new 15N applied, and 
approximately 70% of the total 15Nu was allocated to kernels. NUE hybrids allocated up 
to ~20% of 15Nu to the leaves even at this late stage.  
By analyzing total N uptake (Nu) and dry matter (DM) partitioning of plant components 
from V6 to the R6 growth stage (whether labeled with 15N or not) we observed that 
hybrids did not differ in total Nu or DM accumulation at all stages evaluated; however, 
NUE hybrids demonstrated stronger tendencies in accumulating DM and N to leaf and 
stem components both early and late in the growing season. NUE hybrids had higher leaf 
DM by physiological maturity in comparison to the other hybrids. Also, at maturity the 
NUE hybrid 2 showed potential for a more balanced contribution of grain Nu originating 
from post flowering Nu and remobilized N while the other hybrids showed larger 
fractions of grain Nu originating from the N remobilization process. The overall NUE 
values increased with NUE hybrids as they were more responsive to N rate (i.e. a larger 
GY gain from 0 to 112N). The latter NUE response was more positively correlated to a 
GHI increase with the 112N and larger kernel weights than it was associated with NHI or 




hybrids showed higher leaf area index (LAI) around silking period, but lower specific 
leaf N (SLN) and SPAD values. Through the “pulse-labeled” 15N approach, NUE hybrids 
generally demonstrated a larger N storage capacity in vegetative tissue until later in the 
season. Therefore, these specific NUE hybrids displayed higher source: sink ratio during 
the grain filling period. 
Although plant component biomass and total N content determinations at multiple growth 
stages are helpful in tracking when and where plant N dynamics change in maize 
genotypes with potentially superior NUE, the pulse labeling approach with isotopic N 
helped to confirm just how and when hybrids vary in their uptake and allocation of the 





CHAPTER 1. APPLICABILITY OF A “PULSE LABELED” 15N APPROACH TO 
PHENOTYPE NITROGEN DYNAMICS IN MAIZE PLANT 
COMPONENTS DURING THE GROWING SEASON 
1.1 Abstract 
Research using labeled isotopic nitrogen (15N) has proved to be very effective in 
precisely quantifying nitrogen (N) uptake and organ-specific N allocation from field 
crops such as maize (Zea mays L.). Although most experiments with 15N have been 
conducted in controlled environments, field crop research with 15N has tended to focus on 
“long-term” N uptake integrated with the N cycle. This work introduces the use of 15N as 
a novel tool for phenotyping strategies to assist breeding programs for selection of maize 
hybrids superior in N use efficiency (NUE). Our research goals were (1) to validate a 
“pulse labeled” 15N application approach as a potential phenotyping technique to measure 
the fate of N uptake into plant components of field-grown maize soon after labeled N 
application, and (2) to understand how the labeled fertilizer uptake (15Nu), proportional 
allocation of labeled N uptake (15Np) and recovery (15Nrec) differ in plant organs at low 
N rates. Non-irrigated maize field trials were established during 2013 and 2014 growing 
seasons at two Purdue University’s research farms (ACRE and PPAC). Five genotypes 
varying in NUE were compared under zero N fertilizer application (0N) and a moderate 




each plot-treatment grouped and isolated plants receiving labeled N (15N) application at 
various stages. The equivalent of 2.1 to 3.2 kg of 15N per ha, as labeled Ca(15NO3)2, was 
injected into the soil on both sides of maize plants at multiple maize development stages 
between V14 and R5. Plant biomass (DM) was collected 4 to 6 days after labeled 
fertilizer application. Also, in an additional “long term” 15N treatment implemented in 
2014, plants receiving 15N at R1 were harvested only at the R6 stage (R1R6). Data 
analyses was conducted from the combined means of two site experiments in 2013 and 
one site in 2014. These results report the average 15N uptake trends across hybrid 
treatments at two N rates (0 and 112N). For both years, the moderate N rate (112N) 
significantly increased absolute amounts of 15Nu at all stages but the proportional 15N 
allocation (15Np) in plant components differed between N rates (0N and 112N); generally 
plants more stressed by the lack of N (0N) allocated more 15N to the reproductive organs 
than with 112N. Labeled N uptake into leaf, stem and husk components declined over 
time (after reaching its maximum at V15 or V16 stage), while 15Nu sharply increased into 
ears and subsequently into the kernels as the season progressed. Before the flowering 
period, 15Nrec by maize plants totaled about 30 or 40% of the fertilizer applied, 
respectively, for 2.1 or 3.2 kg of 15N ha-1 applied, and approximately 50% of that 
accumulated 15Nu was found in the leaves and 40% in stems. After flowering, plant 
15Nrec totaled approximately 30% of the 15N applied, and an average of 30% of 
accumulated 15Nu was in the leaves, 17% in stems, and the remainder - if not the majority 
- in the ears. Overall 15Np in the ear fraction increased from 20 to 75% during 
reproductive growth. The “pulse labeled” method of application accurately estimated N 




15Nrec represented about 25% of 15N applied and ~65% of that 15Nu was allocated to the 
kernels. In 2014, in an added treatment application of 15N at flowering followed by a 
biomass harvest at maturity, the 15Nrec by maize plants represented about 45 to 72% of 
the labeled fertilizer applied, respectively, for 0 and 112N, and an average of 77% of that 
accumulated 15Nu at R6 was found in the kernels. The primary fate of 15N into the plants 
was to leaf components during vegetative growth stages and this switched to the ears 
during the grain fill period. The moderate N supply (112N) increased absolute amounts of 
15Nu in plant components but it did not necessarily increase the allocation of 15Np to the 
sink organs. The “pulse- labeled” technique proved to be a powerful phenotyping strategy 
to differentiate N allocation patterns and the efficiency with which maize genotypes 
respond to N supply throughout the season. 
 
1.2 Introduction 
Maize is one of the most important crops cultivated for food and feed production 
worldwide and it is also important in some countries for biofuel production. Maize 
requires significant amounts of N to maximize yield (Coelho 1991; Fageria and Baligar 
2005). Application of N fertilizer increased over the years from 1960 to 1980 
(Cassman et al., 2002; Scharf 2015; Tilman et al., 2002; Van Cleemput, 2008), but since 
then overall N rates utilized for maize production have stabilized (Scharf 2015). 
However, maize may only take up about 50% of total N fertilizer applied (Scivittaro 
et al., 2000; Dobermann and Cassman 2004; Silva et al., 2006; Van Cleemput 2008; 
Ciampitti and Vyn 2014). Increasing the efficiency by which plants use available N is a 




subsequently avoid N losses to the environment (Raun and Johnson 1999; Stevens 2005). 
The quantitative nature of genes controlling N use efficiency (NUE) integrated with the 
complex N cycles in soil-plant systems and in alternate crop management and 
environmental scenarios make it challenging to improve NUE (Pollmer 1979; 
Amado et al., 2002; Chen et al., 2003; Mosier et al., 2004; Fageria and Baligar, 2005; 
Ladha et al., 2005, Mi et al., 2005; Coque et al., 2008). 
Previous improvements in maize NUE in field research programs have largely 
been based on grain yield and N uptake evaluations of diverse genetic materials advanced 
from both traditional and transgenic breeding approaches (Guo 2014) with or without 
integrated agronomic practices (often involving multiple N rates) in various 
environmental conditions (Duvick 1984; Ciampitti and Vyn 2011). Because NUE is 
directly related to yield improvement, NUE gains occur when maize plants take up more 
available N from soil and fertilizer N sources (preferably with a high N recovery 
efficiency (NRE)) and, thereafter, produce maximum grain yield per unit of plant N 
uptake (known as N internal efficiency; NIE) (Moll et al., 1982; Cassman et al., 2003; 
Dobermann 2005; Mi, et al., 2005; Coque and Gallais 2007; Ciampitti and Vyn 2012).  
Maize NUE has been frequently investigated by estimating both biomass (grain as 
well as whole-plant) and above-ground plant N accumulations at physiological maturity 
under various management practices such as tillage, plant densities, irrigation levels, N 
management (sources, placement,  rates and timing) and in diverse environments with 
respect to growing-season temperature and precipitation (Lara Cabezas et al., 2004; 




In the simplest approach, NUE can be calculated by dividing grain yield by the N 
rate applied (Moll et al., 1982; Hermanson 2000 and Dobermann 2005) without 
accounting for the relative soil N versus fertilizer N contribution to yields. In a more 
robust approach, NUE can be calculated using the “difference method” by dividing the 
yield gain from total N fertilizer applied (determined by subtracting yields in the control 
plots achieved with soil N alone from yields at a specific N rate ) with the fertilizer N rate 
applied (Cassman et. al., 2003; Dobermann 2005, Ciampitti and Vyn 2011). Raun and 
Johnson (1999) stated that current low NUE values of approximately 33 kg grain kg-1 N 
in crop production are a consequence of the excessive use of N fertilizer. Thus, to 
optimize crop yield and improve NUE it is necessary to develop strategies that 
synchronize optimal timings of N application with plant N requirements (Cassman et 
al., 2002; Tilman et al., 2002; Dobermann 2005; Fageria and Baligar 2005; Mueller 
2014). However, regardless of whether NUE is determined by the simple or the more 
robust difference method, these methods are unable to distinguish the in-season sources 
of N uptake, allocation and remobilization by plants. Post flowering N uptake and N 
remobilization from vegetative organs are the key paths that plants use to accumulate N 
into the grain (Rajcan and Tollenaar 1998). The superior capability of modern hybrids in 
accumulating more N during the grain filling period has been advocated as a promising 
avenue for improving yield, and consequently NUE (Ciampitti and Vyn 2013). Moreover, 
the identification of genotypes with higher ability to respond to the mineral N available 
later in the season, also known as higher N recovery efficiency (NRE), has also been 




The use of isotopic N (15N) allows the differentiation of current N uptake by 
plants from the soil’s indigenous N pool versus that N originating from the N fertilizer 
itself. Multiple 15N applications during the growing season can help to precisely 
determine the fate of the most recent inorganic N uptake and its initial organ-specific 
allocation inside plants.  
Elemental isotopes are characterized as atoms containing equal amounts of 
protons and electrons but a different number of neutrons in its nucleus. The amounts of 
protons and neutrons in each element’s nucleus determines the atomic mass. Thus 15N, 
also termed as a “heavy” isotope, has an additional neutron in its nucleus (therefore a 
higher atomic mass) than 14N. Since neutrons are non-reactive atoms, 15N has chemical 
reactivity identical to 14N (Fry, 2006) although there are slight kinetic differences in 
reactivity as 15N reacts slightly slower than 14N. Many elements are comprised of 
multiple isotopes which are also naturally present in the environment, but at lower 
amounts than its main element (Fry 2006). In a relative ratio of 273:1 (14N/15N), the 
natural abundance of 14N in the atmosphere is 99.64 % N and the 15N isotope is present in 
only 0.366 % of the N atoms (Boaretto et al., 2004). The non-radioactive characteristics 
of the 15N stable isotope allows safe use of labeled N products where the proportion of 
15N is artificially increased well above the natural proportions to create a 15N tracer that 
can be tracked using sensitive mass spectrometers (Dawson et al., 2002). Isotopic N 
contents are usually estimated by the mass ratio (IR) between heavier and lighter N 
(15N/14N) in soil or plant materials using an isotope ratio monitoring mass spectrometer. 




decades (Boaretto et al., 2004;Van Cleemput 2008), but improved technologies such as 
mass spectrometry analysis have much enhanced detection precision than traditional 
methods due to the large spectrum of analysis detection (Hoefs 2009).  
Stable isotope N techniques have been used to assess N dynamics in natural 
systems for over 60 years (Boaretto et al., 2004). Up to the 1970’s, approximately 1000 
research papers were published on the use of 15 N in agriculture in the US and Europe 
(Hauck and Bystron 1970). In the 1980’s, research on tracing methods increased due to 
implementation of isotope ratio mass spectrometry (IRMS) (Faust 1981; Hoefs 2009). 
Ever since, 15N is the most common labeled material used for ecologists and plant 
physiologists to understand soil fertility and plant mechanisms related to N use 
(Boaretto et al., 2004). In biological systems, 15N tracer use has vastly improved 
understanding of the effects of N in mechanisms associated with plant metabolism and 
soil transformation (Hoefs 1997; Boaretto et al., 2004; Stevens 2005; Coque 2008).  
Most commonly, 15N experiments involving crop response are developed under 
controlled environments in greenhouses (Pan et al., 1986; Schmidt and Scrimgeour 2001) 
or in the field by the use of chambers or lysimeters (Portela et al., 2006; O’Brien 2012). 
Several experiments have also used 15N with traditional N management practices to 
analyze the long term N accumulation in the plants (Coelho et al., 1991; Gallais et al., 
2006; Duete et al., 2009). The latter provides better understanding of the N cycle in the 
framework of cropping systems. Due to its chemical properties, 15N enables 
differentiation of organic and inorganic sources of N uptake by plants and enables more 




incorporating labeled N were applied early- to mid-season, so that studies could examine 
N accumulation, remobilization and recovery in plants at flowering or physiological 
maturity periods (Cloquet et al., 1990; Ma and Dwyer 1998; Stevens et al., 2005; Silva et 
al., 2006; Gallais et al., 2006). 
Research with 15N technique in large-scale field experiments has been limited due 
to the labeled product costs and elaborate sampling procedure in mass spectrometry 
analysis, which requires specialized technical assistance. Because of high costs of 15N 
products, researchers using isotopic N in open and/or closed systems usually apply 15N 
jointly with N fertilizer treatments at low enrichment rates (~5 % atom 15N) or use 
15N - depleted fertilizers (Coelho et al., 1991; Gallais et al., 2006, Boaretto et al., 2004).  
Integrating cutting-edge cropping systems with high precision management and 
more resource-efficient genotypes are very important to increase crop production under 
the current climate change circumstances. New phenotyping approaches are necessary to 
identify NUE differences among genotypes during the growing season, and to better 
understand the when and where questions of hybrids that are supposedly superior in 
fertilizer N efficiencies.  
The present study attempted to validate the utilization of a novel “pulse-labeled” 
15N approach in field grown maize as an advanced phenotyping technique to identify key 
mechanisms in N uptake, allocation and partitioning during the growing season among 
hybrids with suspected (or known) variation in NUE. In this research, we propose the use 
of a tracer 15N to precisely estimate the fate of recent N uptake, partitioning, and recovery 
in maize plant components of five hybrids differing in NUE under limiting N 




application as a high precision phenotyping technique in field grown plants; (ii) to 
examine 15N uptake, 15N proportional allocation, and 15N fertilizer recovery in maize 
plant components in hybrids of varying NUE at multiple development stages and low N 
rates. 
1.3 Materials and Methods 
1.3.1 Weather Description, Management Practices and Experimental Design 
Weather information was acquired on a daily basis from April - May 1st to 
October 31st from an automated weather station operated by the Indiana State Climate 
Office proximately located to the research sites.  
A non-irrigated research study was conducted during two growing seasons 
(2013 - 2014) in the US Midwestern Corn Belt region. In 2013, field experiments were 
established at the Purdue University Agronomy Center for Research and Education 
(ACRE) near West Lafayette - IN (Lat 40.486675° Lon 87.004635°, elevation 709 ft) and 
at Pinney-Purdue Agricultural Center (PPAC) near Wanatah - IN (Lat 41.445113° Lon 
86.943464°, elevation 730 ft). In 2014, one experiment was established at (ACRE) (Lat 
40.493593°, Lon 86.493593°, elevation 708 ft). 
Experiments were planted with a 4 - row precision planter (Almaco SeedPro36) 
with 76 cm row spacing, to achieve a final plant density of approximately 79000 plants 
per hectare. In 2013 plot lengths were shorter (6.7 m) than in 2104 (13.7 m) due to seed 
supply limitations. Plant populations were evaluated in 5.3 m row length sections of all 
four rows at the V5 growth stage. 
The field experiment at ACRE in 2013 was planted on May 14th and harvested 




minimum daily average air temperatures were 26.9 °C and 14.6 °C, respectively, 
throughout the season (Table 1.1). The soil type was a Chalmers silty - clay loam (Fine - 
silty, mixed, superactive, mesic Typic Endoaquolls). Weed management was 
accomplished via the application of pre- and post-emergent products commonly used in 
the region. Herbicide treatments included a pre emergence application on May 19th by 
spraying 7.6 L of Bicep II Magnum (s - metolachlor + atrazine), 2.8 L of Princep 
(Simazine) and 0.77 L of Round up (glyphosate) followed by a post emergence 
application on June 5th of 0.09 L ha-1 of Callisto (mesotrione). 
The field experiment at PPAC in 2013 was planted June 5th and harvested October 
30th. Total growing season precipitation was 626 mm and maximum and minimum 
monthly average temperatures were 24.7 °C and 12.1 °C, respectively, throughout the 
season (Table 1.1). Soil type was a Sebewa loam (Fine - loamy over sandy or sandy - 
skeletal, mixed, superactive, mesic Typic Argiaquolls). Following the management 
practices from that region, the weed control treatments started with pre-emergence 
application of 0.225 L ha-1 of Harness Extra 5.6 (acetachlor + atrazine) on May 2nd. Post 
emergence herbicide application of 0.09 L ha-1 of Callistro (mesotrione) occurred on June 
4th. Additionally, on May 2nd the insecticide Govern (chlorpyrifos at 0.12 kg L-1) was 
applied at 3.8 L ha-1.  
The second field experiment at ACRE in 2014 was planted on April 25th and 
harvested September 25th. Total precipitation was 592 mm and maximum and minimum 
daily temperatures averaged 26.2 °C and 13.6 °C throughout the growing season (Table 
1.1). Soil type was Raub - Brenton complex (Fine-silty, mixed, superactive, mesic Aquic 




Magnum (s - metolachlor + atrazine) and 0.77 L of Roundup (glyphosate) on April 26th 
and finished with a post-emergent Callistro application. At all experiments weed pressure 
was wll controlled. 
When comparing locations, ACRE experienced warmer seasonal air temperatures 





Table 1.1 Pertinent phenology and climate information of isotopic N experiments conducted at ACRE and PPAC locations in 2013 
and at ACRE in 2014. 
Growth stages of 15N application and subsequent biomass harvesting and biomass partitioning in each stage throughout the growing season (GS). Calendar 
dates of biomass harvesting (BMHarv) after 4 to 6 days of 15N application. Interval of cumulative growing degree days from 15N application to biomass 
harvesting (IntrGDD°C) and number of days from 15N application to biomass harvesting in parentheses (15N days). Cumulative growing degree days from 
planting to biomass harvesting of each growth stage (Cum GDD°C). Interval of cumulative rainfall in millimeters from 15N application to biomass harvesting 
in each growth stage (IntrRain mm). Cumulative rainfall in millimeters from planting date to biomass harvesting in each growth stage (Cum Rain mm). 
 
 
GS Growth stages; LVS Leaves; STM Stems; HSK Husks; KRN Kernels; COB Cobs. 
EARLY R1 represents 50% of plants were at silking when 15N was applied, and R1 represents 90% of plants were at silking when 15N was applied. 
 











(mm) LVS STM HSK EAR KRN COB 
ACRE 2013 V16             23-Jul 91 (6) 807 248 34 
Planted  EARLY R1             23-Jul 60 (4) 807 248 34 
 May 14th R1             31-Jul 36 (5) 869 252 2 
  R2             5-Aug 51 (5) 921 269 21 
  R4             23-Aug 48 (4) 1109 294 1 
  R5             14-Sep 63 (5) 1378 332 24 
PPAC 2013  V14             2-Aug 32 (4) 624 345 5 
Planted  V16             7-Aug 58 (6) 672 346 45 
June 5th  R1             12-Aug 56 (5) 728 380 34 
  R2             16-Aug 31 (4) 759 391 11 
  R4             17-Sep 32 (5) 1103 428 4 
  R5            10-Oct 44 (5) 1271 556 66 
ACRE 2014 V15       8-Jul 63 (5) 721 230 4 
Planted R1       21-Jul 49 (5) 851 274 0 
April 25th R2       5-Aug 66 (5) 1004 325 32 
 R4       22-Aug 66 (4) 1141 380 13 
 R5       2-Sep 92 (6) 1269 443 42 




Maize field trials were established following soybean [Glycine max (L.) Merr.] at 
all 3 site-years. In 2013, tillage operations prior to planting maize involved fall chisel 
plow followed by a spring field cultivator. For the 2014 site, fall plus spring strip-tillage 
on the no-till soybean stubble preceded maize planting (with precision guidance in all 
operations). 
At all sites, the plot arrangement was a split-plot experimental design; N rates 
were the main plots and hybrids were the sub-plots. The experiment consisted of 6 
replications (because of cost constraints and small plot size, only 3 replications were used 
at a time for 15N application). The two N rate treatments were 0 (0N), representing soil 
indigenous N pool (control), and 112 kg of N per ha (112N) as a moderate rate; the latter 
N fertilizer rate was sidedressed applied as Urea Ammonium Nitrate (UAN) (28-0-0). 
Treatments were selected to help detect differences in N use patterns in NUE maize 
genotypes when exposed to high (0N) and moderate (112N) N stress conditions.  
In the 112N treatment, UAN was sidedress applied at V4 stage between corn rows 
by the DMI Nutri-Placr at 10-12 cm soil depth. The 0N plots received the same machine 
pass to avoid variations in plant growth performance due to soil compaction. There were 
no spring pre-plant or at-plant fertilizer applications.  
Comparisons were made between 4 modern hybrids varying in NUE with a 
similar 114 relative maturity range (Dow AgroSciences, Inc., Indianapolis, IN) and one 
historic hybrid from the 1970’s. The five genotypes examined were Hybrid 1= 2K757, 
Hybrid 2 = NUEB104XN2, Hybrid 3= NUEB104DE7, Hybrid 4= X12764HR and 
Hybrid 5= B73xLH51. The commercially available pair of Mycogen hybrids (Hybrids 1 




green trait with particular potential to increase maize productivity under high-yield 
environments. Hybrids 2 and Hybrids 3 were identified as superior in NUE relative to 
their responsiveness to N, but not representing the most elite genetic backgrounds in 
terms of yield stability under stressful conditions. In this chapter, results will be presented 
as combined means of genotypes. Detailed hybrid evaluations will be presented in 
Chapter 2. 
 
1.3.2 Method of 15N Application and Biomass Harvesting 
At each site, three replications were labeled with 3.17 kg of 15N per ha in 2013 
and 2.12 kg of 15N per ha in 2014 as Ca (15NO3)2 containing 98 atom% of 15 N (SIGMA-
ALDRICH Co, St. Louis, MO). The labeled fertilizer provided 0.041 or 0.027 grams of 
15 N per plant, respectively, for 2013 and 2014 growing seasons which represents a very 
small portion relative to the main N treatment (112N) equivalent 1.42 grams of N per 
plant.  
Near the beginning of the growing season, microplots were established using 
individual row zones comprising 5 (2013) or 6 (2014) consecutive plants at the 
appropriate density with sufficient undisturbed border plants (i.e. beyond 1 m from the 
microplot) so as to maintain a uniform canopy surrounding each microplot. These 
microplots were identified with plot stakes representing each plant growth stage for 15N 
application and biomass collection.  
Prior to each time of 15N application, the labeled fertilizer (Ca (15NO3)2) was 
diluted in water, placed in plastic syringes (30 ml), properly sealed, and taken to the field. 




distance of 15 cm perpendicular to the row on both sides of the 5 or 6 consecutive plants 
previously selected. Then 15N was injected into the soil through the use of syringes.  
Injection of 15N occurred in multiple plant development stages (from late 
vegetative stage (V14 and V15) to near the end of the grain filling period (up to R5 in 
2013 and R6 in 2014).  
Immediately after the 15N application, PVC pipes (30 cm length) were installed on 
top of each hole to apply 0.8 L of water (for a total of 1.6 L per plant). The added water 
was intended to ensure immediate availability of labeled nitrate N to the plant roots.  
Plant development stages during vegetative development were tracked by painting 
a small part of two lower leaves (leaf 5 and 10) with an orange color spray. Application 
dates for 15N during vegetative stages were determined based on when 50% of plants in 
the entire experiment had fully expanded (i.e. collared) leaves for each targeted stage. 
Application timing during reproductive stages occurred when over 50% of plants were in 
Early R1 (50% silking), R1 (90% silking), R2 (kernel blister), R4 (kernel dough), R5 
(kernel dent) and in R6 (black layer/physiological maturity) (Abendroth et al., 2011). 
Development stages of 15N application and biomass harvesting varied slightly 
among locations and years. Table 1.1 show detailed information of the plant 
measurements executed in each experiment. 
Destructive aboveground biomass of maize was collected from the three (2013) or 
four (2014) middle plants in the previously selected micro-plots from 4 to 6 days after the 
15N application. One additional micro-plot application was implemented in 2014 whereby 
plants receiving 15N at R1 stage were not harvested until the R6 stage (R1/R6) (Table 




garden clipper. Plants were partitioned into stems + leaf sheaths + tassels (stems), leaf 
blades (leaves), husks + shank + silks (husks), whole ear, and the added separation of 
cobs and kernels at R5 in 2013, and at R4, R5 and R6 stages in 2014. Stems were 
chopped manually immediately after harvest. All samples were dried for seven days at 
60ºC, weighed and coarse ground. Stems, leaves and husks were ground to a 2 mm screen 
size and cobs and kernels were ground to a 4mm screen size. Sub-samples were taken to 
the isotope laboratory to proceed with the mass spectrometry analysis. 
 
1.3.3 Calculations of 15N Abundance in Plant Tissue 
In order to estimate 15N uptake (15Nu) in plant components, both total nitrogen 
concentration (Nc) and delta 15N (δ15N ‰) were determined in the mass spectrometer for 
each sample. Total nitrogen concentration (Nc) represented the amount of 14N + 15N in 
the sample. Delta15N (δ15N ‰) was the proportional amount of 15N in parts per mil 
(δ15N ‰) in the sample relative to an international isotope standard of Air (0.3663 
atom %15N) (Shearer and Kohl 1986). That is to say, δ15N ‰ is also described as the 15N 
atom% excess and can be calculated in the mass spectrometer through the isotopic ratio 
(IR=15N/14N) in the compounds. Absolute amounts of isotopic N cannot be simply 
estimated due to its atomic unit (Mariotti, 1983). Therefore, the linear relationship 
between 15N contents and δ15N values allows accurate estimation based on the isotope 
ratio (IR) approach in the mass spectrometer (Fry, 2006).  
The isotopic ratio in a standard (IRstrd) represents the amount of 15N in the 
standard relative to the 15N abundance in the atmospheric dinitrogen (N2) defined as 




(IRsmp) represents the quantity of 15N in the sample relative to the amount of 15N in a 
given standard.  
The equations used to calculate 15Nu in plant components are as follows: 
1. The isotopic ratio in the samples (IRsmp) was calculated through 
the proportional 15N abundance (δ15N) in the plant samples relative to the 15N 
abundance in the atmospheric dinitrogen (N2) defined as 0.0036764 ‰ (IRstrd) 
(Fry, 2006; Van Cleemput et al., 2008) [Eq.1]:  
(IRsmp) = �δ N 151000 + 1� ∗ 0.0036764    Eq. 1  
2. Converting the IR to the absolute number of 15N atoms in 100 
atoms of the total Nc in the sample. The absolute amount of atom % 15N (at15N) 
was calculated by dividing the proportional amount of 15N in the sample (IRsmp) 
by the total N in the sample (IRsmp + 1). [Eq.2]: 
at N 15 = � IRsmpIRsmp + 1� ∗ 100    Eq. 2 
3. Total N uptake (Nu) per plant component was estimated per unit 
area (kg ha-1) by multiplying the aboveground plant biomass (DM) in kg ha-1 by 
the N concentration (Nc) for respective plant components [Eq.3]. 
Nu = DM ∗ � Nc100�     Eq. 3 
4. Absolute amounts of 15N uptake (15Nu) in plant components per 
unit area (kg ha-1) were estimated by multiplying Nu by the at15N found in 




N 15 u = Nu ∗ �at N 15100 �     Eq. 4 
5. Proportional 15N uptake (15Np) for each plant component was 
estimated by dividing the 15Nu for respective plant component by the total plant 
15Nu [Eq.5]. 
N 15 p = N 15 uTotal N 15 u     Eq. 5 
6. 15N recovery per plant component (15Nrec) was estimated per unit 
area (kg per kg of 15N applied ha-1) by dividing the total plant 15Nu (kg ha-1) by 
the amount of labeled fertilizer applied 3.17 or 2.12 kg of 15N Ca (15NO3)2 per ha, 
respectively for, 2013 and 2014 [Eq.6]. 
N 15 rec = Total N 15 uTotal N 15 applied     Eq. 6 
 
1.3.4 Statistical Analysis 
Statistical analysis proceeded with values expressed on a per unit area basis (i.e. 
not on a per-plant basis). The plot arrangement was a split-plot experimental design, 
consisting of six replications and two treatment factors. Only three replications were used 
at each time of 15N application and biomass harvesting. Thus, the main effects and two 
factor interactions with three replications represented 30 observational units for each 
location at each time of analysis for both 2013 and 2014. Nitrogen rate was the main 
factor with two levels, 0 and 112 kg of N per ha, and hybrid was the sub-factor 





Statistical analyses were performed using the SAS software (SAS Institute, 
Version 9.4, 2014) GLM procedure. The whole unit error was pooled with the subunit 
error for all ANOVAs because it was not significant for the majority of the analyses 
(P>0.25). A combined location analysis of variance was performed in 2013 for each 
variable for all growth stages where the error variances were homogeneous for the 
majority of the stages (P>0.01). Location by treatment interactions were pooled with the 
experimental error. Fisher’s protected least significant difference (LSD) test was used to 
compare treatment means where the corresponding ANOVA F test was significant 
(P<0.05). 
Data presentation in this publication is confined to the combined means of both 
locations (ACRE and PPAC) in 2013 as there were no significant treatment differences 
between locations in a majority of the observations. 
Since we are mainly focused on the potential attributes of the “pulse labeled” 15N  
approach itself for field-grown corn in this methodology chapter, statistical analysis is 
focused within specific growth stages to explain treatment effects on plant 15N uptake 
(15Nu) and partitioning at each specific time (growth stage). 
1.4 Results 
Phenological Information 
The detailed schedule (based on both calendar days and accumulated GDD) for 
the 15N evaluation at the different growth stages is summarized in Table 1.1. In general, 




application except for the V16 stage at ACRE in 2013 that indicates the time of 15N 
application. 
To clarify, at ACRE in 2013, plants at the V16 stage were in the field for 6 days 
(from 15N application on July 17th to biomass harvesting on July 23rd) and during that 
period the formation of tasseling and silking occurred, and at the time of biomass 
harvesting 90% of plants in the entire experiment had completed silking. At the Early R1 
stage, plants stayed in the field for 4 days (from 15N application on July 19th to harvesting 
on July 23rd) and 15N was applied one day before 50% of the plants in the entire 
experiment had completed silking, this stage was harvested on the same day as the V16 
stage application timing. Subsequently, the microplots labeled as “late R1” received 15N 
when 90% of plants in the experiment had completed silking, this stage represents the 
very end of the R1 stage. However, for PPAC in 2013, we could separate the growth 
stages better. The V16 stage in that experiment was harvested one day before 50% plants 
in the entire experiment had completed silking, while the R1 stage covered the entire 
silking formation period (from 50 to 90% of plants silking). Thus, because the V16-stage 
samples at ACRE also covered the tassel formation period we decided it was still 
appropriate to combine the V16 results at ACRE with the V16 at PPAC. However, Early 
R1 stage was evaluated only at ACRE and the late R1 stage represents the combined 
means for ACRE and PPAC in 2013. 
For both locations in 2013, the six actual biomass harvesting times and further 15N 
evaluations were generally completed at the same growth stages except that the V14 
harvesting only occurred at PPAC and the early R1 harvesting occurred only at ACRE. 




the means of the two locations (Tables 1.1 and 1.2). In 2014, when there was only one 
location (ACRE), one of the pre-R1 stages was substituted for a duplicate R1 application 
time that was then not harvested until the R6 stage (Table 1.1).  
 
1.4.1 Proportional Allocation of the Total Aboveground 15N Uptake in Plant 
Components (15Np), and Plant 15N Recovery Efficiency (15Nrec) per Growth Stage 
Data regarding the fate of the recently applied 15N fertilizer in the above-ground 
plant components was presented using three parameters: total 15N uptake per unit area 
(15Nu, kg ha-1), the proportional allocation of the total 15N uptake (15Np, kg 15Nu kg-1) in 
each separate plant component evaluated, and plant 15N recovery efficiency (15Nrec, kg 
kg-1 15N applied) of the total labeled fertilizer applied (3.2 or 2.1 kg of 15N ha-1) at each 
application time for 2013 and 2014, respectively. 
Hybrid differences in 15Nu and 15Np of individual plant components, as well as 
15Nrec, for each stage will not be discussed in detail in this chapter but the specific results 
for each hybrid, and the full main, sub and interaction statistics for each stage are 
available in the Appendix Tables A.1 and A.2. In addition, Appendix Tables A.3, A.4 and 
A.5 present the results of the few occasions when the interaction effects of N rate by 
hybrid were significant for 15Np of an individual plant component (e.g. leaf) at a 
particular growth stage. Overall hybrid N differences will be discussed in detail in 
Chapter 2. Here, it is simply worthy to note that hybrid differences in 15Nu by individual 
plant components were insignificant for almost every growth stage and plant component. 
Hybrid differences in total 15Nu were only significant in 3 of 7 growth stage harvests in 




superior in total 15Nu. Where hybrid differences were significant, one of the commercial 
hybrids (X12764HR) tended to have superior total 15N uptake and recovery possibly 
because of higher biomass production. 
Plant 15N recovery efficiency (15Nrec) was almost always N rate dependent. At 
the V14 stage (only at PPAC in 2013), mean 15Nrec (averaged across five hybrids) 
represented 25 and 30% of the total 15N applied, respectively for 0 and 112N (Table 1.2 
and Appendix Figures A.1) and at the V15 stage (only at ACRE in 2014) mean 15Nrec 
was 26 and 41% of the total 15N applied, respectively for 0 and 112N (Table 1.3 and 
Appendix Figures A.2). In both years, the whole aboveground 15N uptake was almost 
equally distributed in leaf and stem components, since approximately 54% of 15Nu was 
allocated to the leaves and 46% to the stems (Tables 1.2 and 1.3, Figures 1.1 and 1.2). 
In 2013, the maximum 15Nrec within the 6-day period following 15N application 
was observed near the critical period bracketing silking; at the V16 stage plants recovered 
almost half of the 15N applied (~ 45%), and approximately 50% of that 15Nu accumulated 
in the leaves followed by 35% in the stems, 15% in the husks (Table 1.2 and Figure 1.1). 
Only a negligible amount was found in the ear shoots that were beginning to grow (data 
not shown). The N rate had no impact in the 15Np to the leaves (apparently because of the 
dominance of the leaf sink for N); however, the 112N treatment increased 15Np to stems, 
while decreasing 15Np to husks. At the early R1 stage (when approximately 50% of plants 
in the entire experiment had visible extruded silks), maize plants recovered almost 40% 
of the 15N fertilizer applied, and of this 15N uptake about 48% was allocated to the leaves, 
36% to the stems, 15% to the husks (Table 1.2 and Figure 1.1), and an insignificant 




due to the lack of N applied at 0N partitioned significantly more 15Np to the leaf and husk 
components than those at 112N (Table 1.2 and Figure 1.1). Similar patterns of 15Np 
between V16 and Early R1 stages was probably due to overlapping days of 15N 
application and biomass harvesting at the ACRE site. Reducing the time from 15N 
application to biomass harvesting lowered total 15Nu at Early R1 as expected (Fig 1.1). 
By dividing total 15Nu by number of days that plants remained in the field (4 - 6) after 
15N application, it was observed that there was a similar daily 15Nu of ~ 0.30 kg of 15N ha-
1 day-1 between those two stages (Appendix Figure A.4).  
In 2013, at the later R1 stage (i.e. when >90% of plants completed silking), plants 
recovered about 32 and 34% of the 15N applied, respectively for 0 and 112N (Table 1.2). 
In 2014, at R1, plant 15Nrec was about 21 and 42%, at 0 and 112N respectively (Table 
1.3). Averaged over both N rate treatments, out of the total amount of 15N taken up, 
approximately 40% accumulated in the leaves, 25% in the stems, 11% in the husks, and a 
significant amount of 23% was allocated to the ears. The 15Np to plant components varied 
for the N rate treatment between years. In 2013, when no fertilizer treatment was applied 
(0N) 15Np to the leaves and stems were significantly lower, whereas 15Np into the ear 
shoots was higher, at 0N than with the 112N. On the other hand, in 2014 the N rate 
mainly affected the leaf components showing significantly lower 15Np to the leaves at 0N 
than with 112N.  
At the R2 stage in 2013, plants recovered 27 and 34% of the 15N applied, at 0 and 
112N respectively, allocating ~ 37% of the 15Nu to the leaves, 22% to the stems, 10% to 
the husks, and 32% to the ears on average of both N rates (Table 1.2). At this stage leaves 




24 and 44% of the 15N applied, at 0 and 112N respectively, allocating 31% to the leaves, 
17% to the stems, and 44% to the ears on average of both N rates (Table 1.2). In this 
year, N rate treatment affected only the 15Np to the leaves and stem components. Even 
with a smaller 15N fertilizer rate applied in 2014, plants recovered ~ 5% more of 15Nu in 
2014 than in the previous year, and a smaller proportion of 15Nu was partitioned to the 
vegetative components while higher amounts of 15Nu was found into the ears in 2014 
than in 2013. 
In the R4 stage of both years, it was observed that out of ~30% of the 15N 
recovered by plants (averaged over both N rates), about 55 to 60% of the accumulated 
15Nu was allocated into the ears, followed ~ 25 to 30% to leaves, 13% to stems, and 3% 
to husks (Tables 1.2 and 1.3). In 2013, it was observed that the 15Np to the ears was 
significantly higher at 0N (58%) than at 112N (51%). However, in 2014 the 15Nu 
allocation to the ears (60%) was not statistically different for both N treatments. Although 
the R5 stage presented the lowest total 15Nu of the growing season for both years, plant 
15Nrec was about 23 or 27% of the 15N applied when averaged for both N rates, 
respectively, for 2013 and 2014. In both years, approximately 65% of the recent 15N 
uptake was allocated to the kernels, followed by ~ 19% to the leaves, 11% to stems and 
3% to the husks.  
For the N rate factor, results suggest a strong influence on both 15N accumulation 
and the 15N allocations to the sink and source organs. A higher N rate generally helped 
increase 15Nu by maize plants at all development stages. Even though leaves accumulated 
higher amounts of 15N at the moderate N rate of 112N, before the flowering period in 




112N. Conversely, both 15Np and 15Nu in stem components were higher at 112N than 
with the 0N. In the same year, plants with more N deficiency stress allocated more 15N to 
their reproductive ear organs at 0N than with the 112N rate. Except for the R5 stage, 15Np 
to the ears (cobs + kernels) following 15N application during reproductive stages was 
higher at 112N. In 2014, 15Nu accumulation as well as the proportional allocation of 15Nu 
in the leaves was higher at 112N than at 0N for the entire season. In contrast to the 
previous year, the allocation of the 15Nu to the stems, husks and cobs was significantly 





Table 1.2 Effects of overall sidedress N rate (0 and 112 kg N ha-1) on 15N uptake and its associated parameters in plant components 
at multiple development stages before and after the flowering period in 2013. 
Parameters include 15N fertilizer recovery (15Nrec, kg kg-1 15N applied), proportional allocation of 15N uptake (15Np, kg kg-1) and 
15N uptake (15Nu, kg ha-1) in plant components and total 15N uptake (TTL 15Nu, kg ha-1). 
 




























































V14 0 0.25 b 0.56 0.44 ---- ---- ---- ---- 0.44 0.35 b ---- ---- ---- ---- ---- 0.79 b 
  112 0.30 a 0.51 0.49 ---- ---- ---- ---- 0.49 0.47 a ---- ---- ---- ---- ---- 0.96 a 
V16 0 0.41 0.50 0.32 b 0.15 a ---- ---- ---- 0.66 b 0.39 b 0.21 ---- ---- ---- ---- 1.28 b 
 112 0.46 0.48 0.37 a 0.14 b ---- ---- ---- 0.71 a 0.54 a 0.21 ---- ---- ---- ---- 1.46 a 
ER1 0 0.37 0.47 a 0.32 b 0.16 a ---- ---- ---- 0.57 0.37 0.19 ---- ---- ---- ---- 1.13 
 112 0.42 0.46 b 0.40 a 0.13 b ---- ---- ---- 0.61 0.53 0.17 ---- ---- ---- ---- 1.30 
R1 0 0.32 b 0.39 b 0.22 b 0.11 0.28 a ---- ---- 0.39b 0.22 b 0.11 0.72 b 0.29 a ---- ---- 1.01 b 
 112 0.34 a 0.42 a 0.26a 0.10 0.22 b ---- ---- 0.46 a 0.29 a 0.11 0.85 a 0.24 b ---- ---- 1.09 a 
R2 0 0.27 b 0.35 b 0.19 b 0.11 a 0.35 a ---- ---- 0.30 b 0.15 b 0.09 0.31 0.54 b ---- ---- 0.86  b 
 112 0.34 a 0.40 a 0.25 a 0.09 b 0.27 b ---- ---- 0.42 a 0.27 a 0.09 0.29 0.78 a ---- ---- 1.07  a 
R4 0 0.25 b 0.26 b 0.13 0.03 0.58 a ---- ---- 0.21 b 0.10 b 0.02 b 0.46 b 0.33 b ---- ---- 0.79 b 
 112 0.33 a 0.33 a 0.13 0.03 0.51 b ---- ---- 0.35 a 0.14 a 0.03 a 0.54 a 0.52 a ---- ---- 1.06 a 
R5 0 0.18 b 0.17 0.11 0.02 0.70 b 0.04 a 0.66 b 0.10 b 0.07 b 0.02 b 0.18b 0.41 b 0.02 b 0.39 b 0.60 b 
 112 0.28a 0.16 0.10 0.02 0.72 a 0.03 b 0.69 a 0.15 a 0.09 a 0.02 a 0.29 a 0.64 a 0.03 a 0.61 a 0.90 a 
 GS growth stage; LVS Leaf; STM Stem; HSK Husk; STV Stover (leaf + stem + husk + cob); Ear = cob + kernel (KRN). 





Table 1.3 Effects of overall sidedress N rate (0 and 112 kg N ha-1) on 15N uptake and its associated parameters in plant components 
at multiple development stages before and after the flowering period in 2014. 
Parameters include 15N fertilizer recovery (15Nrec, kg kg-1 15N applied), proportional allocation of 15N uptake (15Np, kg kg-1) and 
15N uptake (15Nu, kg ha-1) in plant components and total 15N uptake (TTL 15Nu, kg ha-1). 
 




























































V15 0 0.26 b 0.54 0.46 ---- ---- ---- ---- 0.31 b 0.26 b ---- ---- ---- ---- ---- 0.56 b 
 112 0.41 a 0.53 0.44 ---- ---- ---- ---- 0.46 a 0.39 a ---- ---- ---- ---- ---- 0.87 a 
R1 0 0.21 b 0.36 b 0.26 0.16 a 0.22 ---- ---- 0.16 b 0.12 b 0.07 b 0.35 b 0.10b ---- ---- 0.44 b 
 112 0.42 a 0.42 a 0.26 0.11 b 0.21 ---- ---- 0.37 a 0.23 a 0.10 a 0.70 a 0.19 a ---- ---- 0.89 a 
R2 0 0.24 b 0.28 b 0.18 a 0.10 a 0.44 ---- ---- 0.14 b 0.09 b 0.05 b 0.29 b 0.23 b ---- ---- 0.51 b 
 112 0.44 a 0.34 a 0.16 b 0.07 b 0.43 ---- ---- 0.32 a 0.15 a 0.07 a 0.54 a 0.41 a ---- ---- 0.94 a 
R4 0 0.20 b 0.23 b 0.15 a 0.03 0.59 0.05 a 0.54 0.10 b 0.06 b 0.01 b 0.19 b 0.25 b 0.02 b 0.23 b 0.42 b 
 112 0.37 a 0.26 a 0.11 b 0.03 0.61 0.04 b 0.57 0.21 a 0.09 a 0.02 a 0.34 a 0.47 a 0.03 a 0.45 a 0.79 a 
R5 0 0.18 b 0.18 b 0.13 a 0.03 a 0.65 b 0.04 a 0.61 0.07 b 0.05 b 0.01 b 0.15 b 0.26 b 0.01 b 0.24 b 0.39 b 
 112 0.35 a 0.21 a 0.09 b 0.03 b 0.67 a 0.03 b 0.64 0.16 a 0.07 a 0.02 a 0.27 a 0.50 a 0.02 a 0.48 a 0.75 a 
R1R6 0 0.45 b 0.06 b 0.07 0.04 a 0.82 0.07 a 0.75b 0.06 b 0.07 b 0.04 0.24 b 0.79 b 0.07 0.72 b 0.96 b 
 112 0.72 a 0.08 a 0.06 0.03 b 0.83 0.05 b 0.78a 0.12 a 0.10 a 0.04 0.33 a 1.28 a 0.07 1.20 a 1.53 a 
 GS growth stage; LVS Leaf; STM Stem; HSK Husk; STV Stover (leaf + stem + husk + cob); Ear = cob + kernel (KRN). 






Figure 1.1 Partitioning of 15N uptake (15Nu, kg ha-1) per plant component (stem, leaf, 
husk and ear) and proportional allocation of 15N uptake (15Np, %) at 0 and 112N over 
time in 2013.  
Values are the means of five hybrids and two locations in Indiana (ACRE and PPAC) in 2013. Except for 
V14 and Early R1 representing each location only PPAC or ACRE, respectively. Total 15N fertilizer 
applied per growth stage was equal to 3.2 kg of 15N ha-1. 
 
Figure 1.2 Partitioning of 15N uptake (15Nu, kg ha-1) per plant component (stem, leaf, 
husk and ear) and proportional allocation of 15N uptake (15Np, %) at 0 and 112N over 
time in 2014. 
Values are the means of five hybrids and one location in Indiana (ACRE). Total 15N fertilizer applied per 




1.4.2 Fate of Labeled N Taken Up at Silking and Its Final Allocation at Physiological 
Maturity 
In the “long term” labeling method implemented in 2014, the amount of 15Nu 
accumulated during the grain filling period of the 15N applied at silking (R1) was 
measured at physiological maturity in the duplicate R1R6 microplots (Table 1.3). At 
maturity 15Nrec was dramatically affected by the sidedressed N treatments; plants 
recovered ~ 45 and 72% of the 15N fertilizer applied at R1, respectively, for 0 and 112N. 
During the grain filling period the proportional allocation of the 15Nu (15Np) was less 
influenced by the N treatment than the actual amount of 15Nu accumulated in plant 
components (Table 1.3). Although 15Np in the whole ear (cob + kernel) was not affected 
by the N rate, more 15Np to the kernels was observed with the 112N (Table 1.3). Overall, 
averaged over both N rates, ~ 77% of that accumulated 15N uptake at flowering (from the 
15N application at R1) was partitioned to the kernels at maturity, followed by ~7% to the 
leaves, 7% to stems, 7% to cobs and 4% to the husks. In the pulse labeled method, total 
plant 15Nrec averaged ~ 21 and 42% of the 15N applied in the ~5 day period at R1; thus 
the remaining 15Nrec (24 and 30%) that was found at R1R6 was the 15Nu that was 
recovered during the rest of the grain filling period or remobilized from the initial 15N 
uptake. 
Another attempt was to use the net change approach to calculate the post 
flowering 15N uptake per unit area (post15N, kg ha-1)  as (Total plant 15Nu at R6 minus 
Total plant 15Nu at R1) and remobilized 15Nu was also estimated per unit area (15N rem, 
kg ha-1) as (Total plant 15Nu at R1 minus Stover 15Nu at R6) (Table 1.4). Stover was the 




period (pulse-labeled method) (Table 1.3), it was also possible to differentiate the 
proportion of the 15Nu in the grain that originated from the 15Nu accumulated during the 
reproductive period (i.e. post flowering 15N uptake (post15N)), to the amount of 15Nu 
remobilized (15Nrem) from silking to maturity (Table 1.4). 
Table 1.4 Consequences of overall N rate on 15N dynamics at grain maturity (R6 stage) 


















0 0.21 b 0.29 b 22 0.52 b 0.71 a 54 
112 0.56 a 0.47 a 36 0.64 a 0.53 b 42 
 Means with different letters are significantly different at p<0.05 level T test (LSD). No statistical 
analyses were executed for the proportions of 15N accumulated out of the total plant at R6; 
15Nrem/TTL15Nu and Post15N/TTL15Nu. 
 
Pan et al (1986) calculated Post15N uptake (Post15N) in maize using the net 
change approach; however, they sampled plants at the R1 stage in the same day that 15N 
was applied for the “long term” evaluation. Therefore, it might not be possible to estimate 
post15N and 15Nrem by the net change approach in our study since we applied 15N at the 
same time for both pulse labeled and long term approach. Thus, from this method of 
calculation, the post15N represented about 54 to 42% of the total 15Nu accumulated from 
R1 to R6, and the 15Nrem accounted for 22 to 36% of the total 15Nu at R6, respectively, 
for 0 and 112N treatments. For both sources of 15Nu to the grain it was found that post15N 
contributed more at 0N than with 112N. Post 15N averaged approximately 70 and 53% of 
the grain 15Nu at 0N and 112N, respectively, while 15N rem contributed ~30 to 47% to 
grain 15Nu at R6, respectively, for 0 and 112N. The higher post15NuGr at 0N that was 
calculated by the net change from R1 to R6 may be explained by the larger effect of the 





1.5.1 The Use of “pulse-labeled” 15N Technique to Determine the Fate of the Recent 15N 
Uptake Into Plant Components. Where Did it Go? 
In contrast to most studies using labeled N, this research describes the potential 
implementation of the novel “pulse-labeled” 15N application in field-grown maize; our 
approach involves tracking 15N uptake and identifying changes in the proportional 
allocation of the recent 15N taken up into plant components at multiple maize 
development stages throughout the entire season when field maize is grown under limited 
N supply. It is well known that higher ability of plants to remobilize N to sink 
components is correlated with yield improvements (Clique et al., 1992), and that the 
higher ability of modern hybrids to continue accumulating N after the flowering period 
with efficient N allocation to its sink organs has increased both NUE and yield (Ciampitti 
et al., 2013). For this reason, we regard the use of the labeled N technique to accurately 
estimate the fate of the recent N uptake in specific plant components over time to be a 
potentially powerful phenotyping tool. 
For this 2-year study using the “pulse labeled” technique, and after combining 
means of five hybrids, at two N rates (0 and 112N), it was observed that prior to the 
flowering period the distribution of 15N to leaves and stems was not affected by the N rate 
treatment as much as the actual amount of 15N uptake (except for V16 stage in 2013). 
Paponov and Engels (2005) also found no effect of low N rates in 15N allocation to plant 
components during the vegetative period. At late vegetative stages, maize plants 




the husks and immature earshoots. Approximately 50% of the total 15N uptake was 
allocated to leaves for both N rates. In contrast to our results, Clique et al. (1990 and 
1991) analyzed N allocation in the below and aboveground maize plant components (8 
days after 15N application) and found that stems were a stronger sink component than all 
plant organs at late vegetative stage; out of the total plant new N uptake, stems 
accumulated ~ 45% of the recent N taken up, followed by the leaf blades 22% and roots 
18%. For both N rates, stems and husks appeared to act as transitional destinations of the 
15Nu, and ears became an increasingly powerful sink component. Stems appeared to serve 
primarily as a “pipeline” where the 15N passed through accumulating primarily into the 
leaves from V14 to ~ R2 stage then switching to the ears at ~ R2 or R4 and R5 stages. 
Ma et al. (1998) also confirmed the movement of the 15N to major sink component 
around the silking period. In their study, 3 days after 15N application (by stem infusion) at 
silking, plants accumulated ~40% of the new N in reproductive organs, followed by 30% 
to the leaves and ~18% to the stems. However, in contrast to our plant partitioning 
procedure, they included husks as a reproductive organ (which may have resulted in their 
higher allocation values to reproductive plant parts at R1). 
During the grain filling period, the moderate N rate (112N) in our study helped to 
maintain N contents in the plants longer in the season, especially in the leaf components, 
while the 0N treatment showed the dynamics of 15Np in plant components deficient in N. 
Thus, our moderate N supply (112N) increased absolute amounts of 15Nu in the plants but 
it did not necessarily increase the allocation of 15Np to the sink organs. When comparing 




versus plant responses to the moderate N rate provided, under the 0N treatment, maize 
plants increased the allocation of the most recent 15Nu to the developing organs when 
compared to the 112N rate. Likewise, Paponov and Engels (2005) acknowledged the sink 
power of the ears over the vegetative plant parts at low N rates. 
In agreement with our study, Tollenaar and Rajcan (1999) examined the effects of 
source: sink ratio in the N uptake during the reproductive period and demonstrated that 
after flowering the accumulation of N gradually declined in the vegetative plant parts 
with more severe declines occurring at lower N rates, while N accumulation increased 
into the ears. Our results show that the primary destination of the most recent 15Nu at 
both N rates was similar during the vegetative period but higher to the leaf component at 
R1 (~42%) and R2 stages (~38%), then increased to the ears at R4 (~55%) and kernels at 
R5 stages (~70%). The latter overall pattern of N partitioning in the plant was also 
confirmed by other authors using different labeling approaches. Crawford et al. (1982) 
provided 15N to the plants by nutrient solution at the time of pollen shed followed by 
multiple harvests and Yoneyama et al. (2003) used leaf feeding labeling method to assess 
N assimilation in several crops including maize. According to the latter research, in 
general, the transportation of N within plants is driven by the two elements of growing 
plant components and reserve organs, and once N is absorbed in the reserve organs and 
mature leaves it will probably be reallocated to a developing organ.  
The N main treatment influenced the amounts of plant 15N uptake and allocation 
of 15N at all growth stages; however, it did not alter the overall vegetative distribution of 
the 15Nu within the plants and leaves always accumulated more 15N than stems. The 




demonstrating that even at late grain fill plants were actively taking up N and mainly 
allocating the most recent N to the ears and/or kernels. Therefore, comparison between N 
treatments in this study was crucial to observe plant response to the N supply until late in 
the season and also to examine how plants change allocation patterns when they are 
source limited or stressed due to lack of N. For both N treatments, the largest amount of 
15Nu and 15Nrec was observed at the V16 stage and the lowest at the R5 stage. 
Correspondingly, 15Nrec was as high as 46% at 112N to as low as 18% at 0N. The latter 
suggests that further investigation in late vegetative stage or late reproductive stages may 
help to identify plant processes related to its N uptake efficiency. 
The ability to use a 15N tracer in nitrate has allowed for accurate estimation of 
crop N use (Fry 2006). When comparing total N concentration (Nc) with the allocation of 
the recently applied 15N fertilizer (15N excess) to the same plant component, it was 
observed that 15Np in the plants operated as a signal of plant organs with the most 
deficiency in Nc. Our results show that plant organs with lower Nc showed higher 15Np 
to the same component. Paponov and Engels (2005) also found the same tradeoff with 
higher allocation of the 15Np to grain while noticing reduced grain Nc under low N 
supply. Detailed evaluations of the proportional allocation of the 15Nu in plant 
components in our study suggested the late vegetative stage (V15) is a good stage to 
indicate relative plant total N status and variation in genotypic responses (Appendix 
Table A.2). Indeed, 15Np to the leaves at V15 was strongly correlated with the 





In summary, for both years, leaves were the main sink component up to the kernel 
set period (R2) and, from R4 stage onward, more than 50% of the 15N absorbed was 
accumulated in the ears. However, lower soil N availability and, consequently, higher N 
stress in 2014 prompted higher partitioning of 15Np to ears already at the R2 stage. Plant 
components that demonstrated higher 15Np were generally low in total Nc and had more 
apparent N deficiency.  
1.5.2 Implementation and Considerations of 15N Use in Field Experiments 
There are many important factors that should be taken into account for a 
successful field study using a labeled N approach. Adequate plant sample size in field 
experiments using labeled N is crucial to identify genotypic responses for 15Nu 
partitioning to plant components. In a greenhouse study, Pan et al. (1986) addressed the 
large plant biomass variation in total N concentration or content determination in plant 
components of 5 plants harvested at silking. Our studies were based in the field, and 
microplots were stringently selected for equal-density representations from the middle 3 
or 4 plants. In 2014, after increasing sample size to 4 plants per growth stage and 
decreasing the 15N fertilizer by a third, we were still able demonstrate efficient 
assessment of 15Nu dynamics in the plants. Although harvesting more plants is even more 
preferable, resource costs of labeled N application and analyses are significant barriers. 
The experiment layout and distance of plant zones that are used to analyze labeled 
or unlabeled treatments is critical (Van Cleemput et al., 2008). Several authors have 
suggested the use of plastic films, chambers or tarpaulin materials to avoid problems with 




present study, we tried to represent the natural soil conditions in open environments using 
microplots within the main plots with no physical barrier. Microplots were installed at 
least 1m from each other; the distance and the very low rates of 15N we utilized helped to 
circumvent contamination of plant zones by labeled N from elsewhere, and also helped 
prevent growth rate distortions arising from the extra sunlight in remaining plants 
harvested for biomass in other zones at a later time. The labeled N was carefully applied 
into the soil close to the root zones (~15cm) to avoid direct contact of the 15N applied 
with the plant canopy and to ensure immediate access of the labeled nitrate with the 
growing roots. 
The source of the labeled fertilizer used in the present study (Ca (15NO3)2 98 
atom%) was intended to make Nitrate-N (NO3--N) immediately available to the plants 
and to minimize possible interactions of ammonium N sources (NH4+-N) to the 
negatively charged soil colloids. Roots can assimilate N by different mechanisms 
depending on the N source (Yoneyama et al., 2003), and several studies have observed 
that maize does not have a preferential uptake between mineral N sources (NO3-/NH4+-N) 
(Crozier et al., 1998; Reddy and Reddy 1993; Heinrichs 2006). However, Pan et al. 
(1986) found higher accumulation of the labeled (NH4)2SO4 surface applied at planting in 
the grain when compared to the labeled Ca(15NO3)2 source which was applied 26 and 52 
days after planting. Our study assumed that all labeled N taken up by plants was 
distributed to a uniform depth on both sides of the maize plants with the expectation that 
N flux into plant components over time should be consistent for the 3 or 4 consecutive 




The amount applied of labeled fertilizer per plant 0.16g (2014) or 0.24g (2013) 
was enough to enable instrument detection of the 15N into all plant components, and yet 
not so much that it changed the dominant soil plus fertilizer N supply pool that met the 
majority of the maize plant N requirements. The “spike” of the highly enriched labeled 
fertilizer injected into the soil allowed a precise “pulse-labeled” 15N determination in the 
mass spectrometer. The additional water after each time of 15N application was crucial to 
increase the N availability to plants via mass flow while reducing the risk of soil-mineral 
interactions from the fertilizer 15N applied with soil microorganisms. Labeled N (15NO-3) 
losses via leaching were expected to be minimal with the 1.6L of water applied unless 
there was an intensive rain event between the pulse application and biomass harvest.  
In the isotope laboratory, highly enriched plant materials required the use of 
additional “blank” and standard samples to monitor and avoid 15N carryover between 
labeled materials during the mass spectrometer analysis. Thus, lower quantities of labeled 
fertilizer were applied in 2014 because we realized after the first year that extremely 
enriched plant samples predisposed some subsequent samples to possible contamination 
during testing. In two years of this experiment, we invested over $35,000 with the labeled 
fertilizer per se. Therefore, decreasing 15N fertilizer rate by a third in the second year 
reduced expenses and also facilitated calibrations for the mass spectrometer. 
The natural abundance of isotopic N in the atmospheric dinitrogen (N2) is 
considered equal to 0.366 atom %15N in a ratio (14N:15N) equal to 273:1 
(Boaretto et al., 2004; Schepers and Raun 2008). Similar values were found in the present 
study by sampling control plants in all hybrid and N rate treatments at the R4-R5 growth 




plant components for each labeled sample as the amount of 15N which exceeded that 
represented in the non-labeled plant tissues originating from the natural abundance in the 
soil. The At%15NExcs was estimated by subtracting atom%15N (At15N) of each labeled 
plant component by the N natural abundance found at the present study (0.3683 or 0.3677 
Atom %15N) [Eq.a]. In this work, amounts of pre-existing 15N in the soil based on natural 
abundance were neglected; however the latter approach confirmed that soils were not 
labeled before the current field experiment. Additionally, discrimination from the uptake 
of natural abundant 15N to the 15N fertilizer was not necessary to estimate the recent 15N 
accumulation in the plants because the large 98% enrichment of the fertilizer 15N applied 
provided confident identification of the isotope N taken up by plants. 
At%15NExcs= At15N - 0.3683                                                               [Eq.a] 
1.5.3 Perspectives on Labeled 15N Approaches in Field Maize Research 
The use of isotopic N has been acknowledged for its accuracy as N tracer for 
several decades (Van Cleemput 2008). The multifaceted use of 15 N in open systems is, 
when properly conducted, highly effective for N balance investigations in real, as distinct 
from simulated, soil-plant systems under different G x E x M interaction treatments. In 
this work, through mass spectrometry analysis, we estimated the δ15N in aboveground 
plant components to calculate uptake, partitioning, allocation and recovery of N 
throughout the season. High correlations found between 15N and total N allowed for 
detailed evaluations of maize plant response to labeled N additions in the root zone at 




agricultural systems, Yoneyama et al. (2003) also showed a strong association of δ15N 
with N dynamics in maize.  
Several techniques have been implemented using 15N in either open or controlled 
environments (field, greenhouses, and chambers) during short or long term methods of 
15N application (Duete et al. 2009 ). However, few studies have invested in field studies 
using highly enriched 15N to address the allocation of N in plant components spanning the 
entire growing season in maize. 
The “long term” labeled N application has also been implemented as an 
alternative to differentiate and more precisely estimate post flowering N uptake and N 
remobilization from late vegetative stage or silking periods to physiological maturity. 
This method has helped to quantify N flux within the plants throughout the season. Mae 
and Ohira (1981) and Ta and Weiland (1992) calculated the 15N remobilization by 
subtracting the 15N uptake in the stover at R6 by the 15N in the stover at R1. However, 
15N remobilization can also be estimated as the difference between the 15N accumulated 
in the stover at maturity minus the whole plant 15N uptake at silking (Pan et al., 1986). 
The latter calculation was used in the present study. 
When we compare 15Nu accumulated in the R1R6 zones by the more traditional 
“long term” evaluation method of 15N application versus the results of Pan et al. (1986) 
study we observed a much higher level (~ 77%) of 15Nu accumulated in the kernels at R6 
versus the lower allocation (~ 51%) of 15N uptake to the grain in the Pan et al. study. This 
may be partially explained by their lower total plant 15N recovery (~75%) when 




accumulated 15N to the stalk and root components, and by their shorter post-flowering 
period of 33 days in comparison to our 66 days.  
When study results were compared for parameters calculated by the net change 
approach, Pan et al. (1986) found that post 15N accounted for 42% out of the total 15Nu 
accumulated in the plant during the grain filling period, while we found 55 to 41% of the 
total 15Nu accumulated from R1 to R6, in addition to 15Nu remobilized of 22 to 36% of 
the total 15Nu at R6, respectively, for 0 and 112N treatments in the R1/R6 treatment 
(2014 only). The post 15N contributed an average of about 70% in our study versus 53% 
to the grain 15Nu in their study, while it was observed that our 0N treatment had equal 
value to their post 15N of 53%.  
Results from Ma et al. (1998) coincided with our current findings for the “long 
term” 15N accumulation. While we found that 77% of 15N in the kernels was taken up 
from R1 to R6 stage, their results show 65 to 75% of infused 15N was accumulated in the 
kernels. However, they estimated 59 and 82% as the amount of remobilized N going to 
the grain from vegetative components, and a much lower contribution of the post silking 
15N uptake (ranging from 18 to 41%, which was similar to our 41% post15NuGr in the 0N 
treatment). 
This “long term” labeled approach has been broadly used to assess 15N uptake 
dynamics at multiple plant development stages (Friedrich and Schrader, 1979; Below et 
al., 1985; Cliquet et al., 1990a, 1990b; Deléens et al., 1994; Ma and Dwyer, 1998). When 
the influence of the 15N application at planting and at silking on improvements of NHI in 
wheat (Triticum aestivum L.) was studied, Wuest and Cassman (1992) showed that 15N 




that our 15N injection at the R1 stage overestimates the real amounts partitioned to the 
grain during the reproductive period. In another wheat study, Kichey et al. (2007) found 
that a large proportion (90% on average) of N in wheat grain (Triticum aestivum L.) 
resulted from new uptake during grain filling. In maize, Bertin and Gallais (2000) 
indicated a range of 35 to 65% of the N accumulated in the grain originated from N 
remobilization.  
Furthermore, in attempting to integrate the isotope technique and breeding 
approaches, Gallais et al. (2007) estimated the contribution of the N remobilization and 
post N uptake in several maize inbred lines. In their three-year experiment, by 
implementing different methods of labeled N application, they found that ~ 83% of that 
15Nu was accumulated into the kernels at R6, slightly higher than our 15N proportional 
allocation ~ 77%. They also estimated ~ 25% of the total 15Nu at maturity originated from 
the post flowering N uptake and about 62% was coming from the 15N remobilization. Our 
study found that post 15N accounted for ~ 50% of the total 15Nu accumulated at R6, and 
about 30% of that 15N accumulated at R6  originated from the remobilized 15N. 
Additionally, post flowering 15Nu contributed 62% to the grain 15Nu and 15Nrem 
provided ~ 38% to the grain 15Nu. The difference in results of these two detailed studies 
may be explained by our 15N application at silking while their 15N application was at the 
beginning of stem elongation period (which enabled a better estimate of the accumulation 
in vegetative components), and by their use of 15N fertilizer with much lower enrichment 
to test a larger number of genotypes. 
Apart from injection method into the soil, Hertenberger and Wanek (2004) 




techniques to analyze N in thick-stem plant and grasses species, respectively. More 
recently, Putz et al. (2010) has advanced the termed “in-situ” labelling technique in plant 
species cultivated in greenhouse. Through the use of paint brush, they applied 2mg of 15N 
Urea (98 atom% 15N) onto the leaves once a day during 5 days and plants were collected 
at short interval of hours after labelling.  
Hence, in contrast to the techniques previously described by authors as 
“long - term” and “short - term” labelling approaches, in this “pulse-labeled” technique 
15N was used as tracer to evaluate the fate of recently applied 15N into the plants. The 
pulse - labeled technique used very small absolute amounts of highly enriched 15N 
fertilizer (98% atom 15N), plants were exposed to the labeled N for short intervals (just 4 
to 6 days) spanning multiple development stages throughout the growing season. Our 
approach was able to accurately estimate plant N use in maize, to detect the dynamics of 
the in-season 15N fertilizer applications at organ-specific and development-stage-specific 
levels. This technique has high potential as an additional tool for phenotyping evaluation 
of genotypes with superior N use efficiency. 
1.6 Conclusions 
If genotypes with superior N use efficiency (NUE) could be selected based on 
their ability to uptake available N from the soil and fertilizer N sources more efficiently 
(i.e. higher N recovery efficiency (NRE) and, thereafter, on their ability to utilize each 
unit of that N uptake up to maximize yield (i.e. N internal efficiency (NIE)), 
enhancement in crop production will occur simultaneously with lower N losses to the 




and grain filling periods is crucial to close the knowledge gap in improvement of plant N 
uptake efficiency. Research with 15N techniques in large-scale field experiments has been 
limited due to the labeled product costs and elaborate sampling procedure in mass 
spectrometry analysis, which requires specialized technical assistance.  
To the extent of our knowledge, this research study is the first to implement and 
comprehensively describe the use of the “pulse-labeled” method of 15N application in 
field experiments as a phenotyping technique to identify hybrids superior in NUE. One of 
the major benefits of the 15N technique is that it works as a signal for N source and 
allocation in plant components during the growing season, precisely differentiating N 
allocation in plant organs of diverse genotypes under various N management situations, 
and then it demonstrates the extent to which plants are actively taking up N during the 
growing season in response to the N supply. The high enrichment of the labeled fertilizer 
was important to distinguish 15N fertilized applied from the 15N natural abundance in the 
environment. Even with soil N source limitation at zero N, providing 2.12 kg of 15N ha-1 
assured precise estimation of plant 15N uptake dynamics. 
However, adequate plant sample size is important to identify genotypic variation 
in the 15N accumulation and allocation patterns throughout the season. Future research 
studies using the pulse-labeled approach for phenotyping purposes with limited budgets 
should prioritize sampling a higher amount of plants (at least 4) rather than increasing the 
rates of labeled N fertilizer beyond those used in our studies.  
Our study used both zero and moderate N rates to vary the N regimes for 
comparing 15N timing treatments. There is also a benefit in using the crop’s optimum N 




response to the available N. This research observed a strong negative correlation of the 
proportional allocation of 15Nu in plant components with the Nc, and a positive 
association of the allocation of 15Nu at late vegetative stage with the allocation of 15Nu 
during grain filling. Therefore, it is proposed the three N plant development stages (V15, 
R1 and R5) are promising growth stages to evaluate potential hybrids with superior NUE. 
Hence, the pulse-labeled technique proved to be a powerful and precise phenotyping 
approach that seed companies and universities can implement to investigate genotypes 
with particular traits targeted at improved maize N use efficiency 
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CHAPTER 2. EVALUATION OF MAIZE HYBRIDS WITH VARYING N USE 
EFFICIENCY FOR BIOMASS GAINS AND TOTAL N UPTAKE BY 
PLANT COMPONENTS DURING THE GROWING SEASON. 
2.1 Abstract 
Development of a better understanding of physiological traits associated with crop 
N use efficiency (NUE) is vital for breeding programs seeking to advance abiotic stress 
tolerance via precision phenotyping. Because modern hybrids remain active in N 
accumulation after the flowering period, understanding patterns of N allocation and 
accumulation in plant organs throughout the season are crucial factors to enhance NUE. 
Our research goals were: (1) to investigate the dynamics of total N and biomass 
partitioning of plant components in maize hybrids with varying NUE capability before 
and after the flowering period, (2) to examine how physiological traits measured in the 
leaf components throughout the season differ in hybrids varying in NUE, and then (3) to 
integrate these total N dynamics with the results of 15N analysis from the “pulse labeled 
approach” for multiple development stages described in Chapter 1. Non-irrigated maize 
field trials were established during 2013 and 2014 growing seasons at two Purdue 
University’s research farms (ACRE and PPAC). Five genotypes, consisting in pairs of 
two “high yielding” commercial hybrids, two “high N responsive” hybrids (identified as 
potentially superior in NUE) and one old era hybrid from the 70’s were compared under 




UAN sidedressed applied at the V4 stage. Whole aboveground plant dry matter (DM) and 
total plant N uptake (Nu) were examined at nine maize development stages from early V6 
stage to physiological maturity at R6. Measurements of physiological traits related to the 
leaf components included Leaf Chlorophyll Content (SPAD), Leaf Area Index (LAI), 
Senescence ratio (SR), Specific Leaf Nitrogen (SLN) and Specific Leaf Area (SLA). We 
also analyzed grain yield (GY) and its components kernel number (KN) and kernel 
weight (KW), harvest indices (NHI), (GHI), and N efficiencies (NUE, NRE and NIE) to 
characterize hybrids varying in NUE. Data analyses were conducted from the combined 
means of two locations in 2013 and one site in 2014. For both years, the moderate N rate 
(112N) increased N levels and DM accumulation in plant components at the majority of 
the growth stages, and significantly affected leaf traits. Differences in hybrid responses to 
the N supply were less noticeable at the whole plant level than at the plant component 
level.  
At the R1 stage NUE hybrids demonstrated higher LAI, lower SLN, and lower 
SPAD when compared to the other hybrids. Both NUE hybrids were superior in NUE 
when compared to the other hybrids and this superiority was explained by the larger GY 
gain from 0 to 112N. The NUE hybrids accumulated more stover DM and maintained 
higher leaf DM levels as well as a continued leaf N uptake activity until late in the grain 
filling period. The low N conditions apparently limited kernel set of NUE hybrids but had 
less relative impact on kernel weights; NUE hybrids showed smaller KN but larger KW 
relative to the other hybrids. NUE hybrids had lower NHI and GHI relative to the other 
hybrids, but they had the largest gain in NHI (up to 5%) and GHI (up to 8%) with the 




sink organs as plants matured with higher leaf capability to stay green for longer periods. 
The NUE hybrids were highly responsive to the moderate N rate (112N) in late-season- 
DM increases and in N partitioning to the ears. Even though NUE hybrids did not differ 
in DM or Nu accumulation in plant components in all growth stages, through the 15N 
approach we confirmed the higher leaf functionality of the NUE hybrids with more 15Nu 
allocated to the leaf components during the growing season than in the other hybrids, and 
with subsequently higher allocation of 15Nu to the ears (at R5 stage in 2014). Thus, our 
pulse-labeled 15N approach demonstrated the specific, and sometimes unique, N uptake 
allocation of the most recent N accumulation by NUE hybrids even though overall N 
uptake could be masked by its lower DM production at certain development stages. A 
comprehensive analysis of plant components at multiple maize development stages 
allowed us to confirm greater source to sink ratio capacity in NUE hybrids, and the 
extended period of leaf N uptake by NUE hybrids during the growing season. 
2.2 Introduction 
In order to feed the projected increasing population of approximately 9 billion 
people by 2050, FAO (2015) projects the necessity to increase food production by 70 per 
cent. Several prior agricultural revolutions demonstrated advancements in agricultural 
development that were crucial to sustain society’s demand for food, as well as for fiber 
and biofuel production (Sinclair and Sinclair 2010). However, the negative impacts of 
current and potential climate variation on the progress of crop production makes crop 
improvement to meet those goals even more challenging. FAO (2015) indicates that land 




development in crop production while the main portion of approximately 80% that is 
responsible for increasing crop production will need to originate from continued research 
and technology investments.  
In 2010, maize was ranked as the crop with the most total grain production in the 
world (FAOSTAT, 2010). From 1912 to 2014, harvested yields of maize in the US (the 
biggest producer of maize in the world) increased from 1260 to 10773 kg per hectare 
(NCGA, 2015). However, grain yield increase rates for maize have been limited in some 
regions of the world. From 1930 to 2008, maize U.S. yields reached approximately 10 
tons per hectare (Tollenaar and Lee 2011) while by 2007 maize yield in sub Saharan-
Africa was about 1.2 tons per hectare. Rufty and Sinclair (2012) emphasized the 
necessity to create crops more adaptable to the unstable environment conditions to close 
yield gaps between regions of the world, while devoting more effort towards sustainable 
agriculture development. To achieve food security will require the development of maize 
genotypes able to maintain, if not increase yield, under stressful environments. To this 
end, improvements in maize yield have been achieved by development of hybrids more 
tolerant to crowding, drought, and heat stresses and with improved resource efficiency 
(Bruulsema et al., 2000; Ciampitti and Vyn, 2012a; Tokatlidis and Koutroubas, 2004; 
Tollenaar and Wu, 1999). However, the optimum interaction of the latter factors to 
maximize crop productivity is not yet completely understood (Tollenaar and Lee 2011). 
Duvick (2005) advocated that approximately 50% of crop yield improvements 
accomplished to that point were due to breeding efforts and 50% to improved 




In much of the world, maize growth is severely affected by water and N 
deficiency. Sinclair and Rufty (2012) stated that there is little opportunity to increase 
crops yields through breeding approaches without increasing crop resource efficiency. 
Since 1980, amounts of N fertilizer applied per hectare to U.S. maize have been steady 
(Cassman et al., 2002). Much of the maize yield increase in recent decades has been 
directly associated with improvements in maize N use efficiency (NUE) based on higher 
plant N uptake (on a per unit area basis) and higher N internal efficiencies (Ciampitti and 
Vyn 2014). Understanding the mechanisms controlling uptake, partitioning and allocation 
of N in the context of Genetic (G) x Environment (E) x Management (M) interactions is 
vital to address crop requirements to increase resource use efficiency and, consequently, 
to maximize yield.  
Moll et al. (1982) defined N use efficiency (NUE) as the product of two 
parameters; the ability of plants to acquire the N supplied, known as N recovery 
efficiency (NRE) - also called N uptake efficiency - and plant capability to utilize N 
taken up to produce grain, known as the N internal efficiency (NIE) or N utilization 
efficiency. Therefore, improvements in yield and a crop’s NUE are not solely correlated 
with a maximum amount of total N uptake by the plants but are also related with the 
capacity of plants to be more responsive to the N supplied (higher in NRE), and 
subsequently to be able to use that N taken up efficiently to produce yield 
(Cassman et al., 2002). Although genotypes with potentially superior NUE are often 
examined under high N input systems (Dawson et al., 2008), evaluation of more stress-
tolerant plants, capable of using N efficiently under non favorable conditions, is the key 




Adoption of more effective combinations of timing, placement, source and 
quantities of N fertilizer applied is important to increase crop N use efficiency 
(Bruulsema et al., 2009). However, genotypic variation in response to different 
environmental conditions makes it difficult to establish a unique set of management 
practices which will allow all genotypes to perform at maximum NUE. Patterns of plant 
N accumulation and physiological trait responses are involved with improvements in crop 
N use efficiency. Advanced capability of modern maize hybrids to continue N uptake for 
longer periods during the growing season (Ciampitti and Vyn, 2013a), and active N 
accumulation in source organs until late in the season, will help assure N availability 
during grain development and possibly increase yield while reducing N losses to the 
environment.  
The study was established under low-moderate N conditions (0N and 112N) to 
investigate physiological responses of commercially available modern hybrids designated 
as “high-yielding”, versus “high N responsive” hybrids (identified as potentially superior 
in NUE) and one old era as check hybrid from 1970. Labeled N was used to accurately 
estimate N allocation, partitioning and utilization and to evaluate quantities of N taken up 
from indigenous soil N and/or from N fertilizer applied at multiple plant development 
stages (Chapter 1). One of the main goals was to advance phenotypic evaluation criteria 
for identification of genotypes with superior NUE. The research objectives in this aspect 
of the study were (i) to assess N uptake (Nu), N concentration (Nc) and aboveground 
biomass partitioning (DM) in hybrids with potentially varying NUE at multiple 
development stages over the growing season, (ii) to estimate how post-silking N uptake 




(NUE, NRE and NIE) improvements; iii) to address consequences of N efficiencies on 
grain yields (GY) and yield components such as kernel number (KN) and kernel weight 
(KW) at harvest, and lastly (iv) to investigate morpho-physiological traits influencing 
yield and NUE responses with an emphasis on anthesis silking interval (ASI), and leaf 
components such as chlorophyll content (SPAD), leaf senescence ratio (SR), leaf area 
index (LAI), specific leaf N (SLN) and specific leaf area (SLA). 
2.3 Materials and Methods 
2.3.1 Weather Description, Management Practices and Experimental Design  
More detailed information about the growing conditions can be reviewed in 
Chapter 1 (1.3.1).  
This study was conducted during two growing seasons (2013-2014) in the US 
Midwestern Corn Belt region. In 2013, field experiments were established in two 
locations, one at the Purdue University Agronomy Center for Research and Education 
(ACRE) near West Lafayette – IN and one at Pinney Purdue Agricultural Center (PPAC) 
near Wanatah, IN. In 2014, one experiment was established at ACRE. In all 3 site-years, 
maize field trials were established following soybean [Glycine max (L.) Merr.]. Tillage 
management for 2013 was based on fall chisel plowing followed by a spring field 
cultivator, and both fall plus spring strip-tillage in the same row zones preceded plot 
planting in 2014. Maize planting was precision guided, and all plots were 4 rows wide 
with an inter-row spacing of 76 cm. Due to limited amount of seeds in 2013, plots were 
shorter (6.7 m) than in 2014 (13.7 m). Plant seeding rate was consistent throughout all 




The field experiment at ACRE in 2013 was planted on May 14th and harvested 
October 10th. The total growing season precipitation was 385 mm; maximum and 
minimum monthly average air temperatures were 26.9 °C and 14.6 °C, respectively, 
throughout the season (Table 2.1).  
The field experiment developed at PPAC in 2013 was planted on June 5th and 
harvested on October 30th. The total growing season precipitation was 626 mm and 
maximum and minimum monthly average temperatures were 24.7 °C and 12.1 °C, 
respectively, throughout the season (Table 2.1). 
The second field experiment at ACRE in 2014 was planted on April 25th and 
harvested on September 25th. The total precipitation was 592 mm and maximum and 





Table 2.1 Pertinent phenology and climate information of biomass harvesting conducted at 
ACRE and PPAC locations in 2013 and at ACRE in 2014. 
Growth stages of biomass harvesting and subsequent biomass partitioning in each stage throughout the 
growing season (GS). Calendar dates of biomass harvesting (BMHarv). Cumulative growing degree days 
from planting to biomass harvesting of each growth stage (Cum GDD°C). Cumulative rainfall from planting 
date to biomass harvesting in each growth stage (Cum Rain mm).  
Location GS 








LVS STM HSK EAR KRN COB 
ACRE 2013 V6 ᴉ             17-Jun 341 136 
Planted  V10 ᴉ             3-Jul 542 190 
May 14th V16             23-Jul 807 248 
  EARLY R1             23-Jul 807 248 
  R1             31-Jul 869 252 
  R2             5-Aug 921 269 
  R4             23-Aug 1109 294 
  R5             14-Sep 1378 332 
  R6 ᴉ             4-Oct 1544 385 
PPAC 2013  V6 ᴉ             5-Jul 301 261 
Planted  V10 ᴉ             16-Jul 438 296 
June 5th  V14             2-Aug 623 345 
  V16             7-Aug 672 346 
  R1             12-Aug 728 380 
  R2             16-Aug 759 391 
  R4             17-Sep 1103 428 
  R5             10-Oct 1271 556 
  R6 ᴉ             30-Oct 1337 626 
ACRE 2014 V6 ᴉ             9-Jun 356 157 
Planted V10 ᴉ             27-Jun 586 215 
April 25th V15             8-Jul 721 230 
  R1             21-Jul 851 274 
  R2             5-Aug 1004 325 
  R4             22-Aug 1141 380 
  R5             2-Sep 1269 443 
  R1/R6             25-Sep 1535 592 
  R6 ᴉ             25-Sep 1535 592 
 LVS Leaf; STM Stem; HSK Husk; KRN Kernel; COB, Cob;  
 (ᴉ) represents non - labeled stages.  




At all sites, the plot arrangement was a split-plot experimental design; N rates 
were the main plots and hybrids were the sub-plots. The experiment consisted of 6 
replications (but because of cost constraints and small plot size, only 3 replications were 
used at a time for 15 N application). In 2013, only 3 replications were used in each 
location for the (destructive or nondestructive) measurements taken during the growing 
season. However, in 2014, except for the growth stages that received 15N, all six reps 
were used for plant component measurements. The N rate treatments were 0 (0N) 
representing the soil indigenous N pool (Control) and 112 kg of N ha-1 (112N) as a 
moderate rate; the latter N fertilizer rate was sidedressed applied as urea ammonium 
nitrate (UAN) (28-0-0). Treatments were selected to help detect differences in N use 
patterns in NUE maize genotypes when exposed to high (0N) and moderate (112N) N 
stress conditions.  
In the 112N treatment, UAN was sidedress applied at V4 stage between corn rows 
via the coulter injection by the DMI Nutri-Placr at 10-12 cm soil depth. The 0N plots 
received the same machine pass to avoid variations in plant growth performance due to 
soil compaction. There were no spring pre-plant or at-plant fertilizer applications.  
Comparisons were made between 4 modern hybrids varying in NUE with a 
similar 114 relative maturity range (Dow AgroSciences, Inc., Indianapolis, IN) and one 
historic hybrid from the 1970’s. The five genotypes examined were Hybrid 1 = 2K757, 
Hybrid 2 = NUEB104XN2, Hybrid 3 = NUEB104DE7, Hybrid 4 = X12764HR and 
Hybrid 5 = B73xLH51. The commercially available pair of Mycogen hybrids (Hybrids 1 
and Hybrids 4) are known for their high yield performance. Hybrid 1 contains a stay-




environments. Hybrids 2 and Hybrids 3 were identified by Dow AgroSciences as superior 
in NUE because of their higher responsiveness to N fertilizer rates, but these hybrids did 
not represent the most elite genetic backgrounds (e.g. in terms of yield stability under 
stressful conditions). In 2014, hybrid 5 had poor emergence, and so this hybrid had a 
lower plant density in comparison to other hybrids.  
2.3.2 Soil Analysis 
Soil fertility was estimated in each field experiment at planting (Table 2.2); soil 
samples were taken combined within each replication using probes (2-cm diameter) from 
0- to 20 cm depth between the two central maize rows. Samples were refrigerated 
immediately after field collection and sent to A&L Great Lakes Laboratories, Inc. (Fort 
Wayne, IN) for determination of pH, organic matter (OM), P, K, Mg, Ca and CEC 
concentration. Soil available P and exchangeable K concentrations in all 3 site-years were 
well above the recommended critical levels in the region of 15 ppm for P and 100 - 125 
ppm for K (Tri-State Fertilizer Guide). 
Table 2.2 Soil properties at the beginning of the maize growing season for each field 
experiment in 2013 and 2014. 
For determination of soil ammonium/nitrate concentrations (NH4+-N/NO3--N), 
soil samples were collected at similar corn development stages across experiments in 
















ACRE 2013 6.7 4.0 27 154 705 2658 21 
PPAC 2013 6.5 2.6 38 123 441 1747 14 




the 0N and 112N treatment to a depth of 0 to 30 cm and at a distance of 25 cm from the 
two central maize rows. These soil samples were then refrigerated immediately after field 
collection, and sent to lab analysis by the NO3- reduction and ammonium (NH4+-N) 
estimation by the phenolate method, following the subsample extraction with 1 N KCL at 




Table 2.3 Soil analysis for inorganic nitrogen [NH4+ - N/ NO3- - N] at non-fertilized (0N) and fertilized plots (112N) for each 
location (ACRE and PPAC) in 2013 and (ACRE) in 2014. 
Growth 
stages 
0N (kg ha-1) 112N (kg ha-1) 
ACRE 2013 PPAC 2013 ACRE 2014 ACRE 2013 PPAC 2013 ACRE 2014 
NH4+ NO3- NH4+ NO3- NH4+ NO3- NH4+ NO3- NH4+ NO3- NH4+ NO3- 
 (mg kg-1) (mg kg-1) (mg kg-1) (mg kg-1) (mg kg-1) (mg kg-1) 
V8 6.8 (1.3) 8.8 (2.8) --- --- --- --- 8 (0.9) 10.7 (2.4) 3.2 (0.4) 6.6 (1.1) --- --- 
V10 --- --- --- --- 4.7 (0.8) 4.3 (0.8) --- --- --- --- 5.3 (1.3) 5.3 0.9) 
V14 4.3 (0.5) 3.3 (0.5) 3.3 (1.3) 3.0 (0.6) 4.8 (0.4) 2.2 (0.4) 4.3 (0.5) 5.3 (1.6) 4.0 (0.8) 4.2 (0.9) 5.2 (0.4) 2.8 0.7) 
R1 3.5 (0.5) 3.3 (0.8) 4.0 (0.6) 3.5 (0.8) 4.6 (0.8) 1.8 (0.4) 3.2 (0.4) 5.6 (1.4) 4.0 (0.6) 4.2 (1.8) 5.0 (0.6) 2.3 0.5) 
--- indicates no sample.  




2.3.3 Plant Biomass (DM) and Total N analysis (Nc). 
Development stages of biomass harvesting and total Nc evaluation varied slightly 
among locations and years. Table 2.1 shows detailed information for the timing of 
biomass harvest and partitioning of plant components per growth stage for each 
experiment (ACRE and PPAC in 2013, and ACRE alone in 2014). 
Total aboveground biomass was collected from 5 (2013) or 10 (2014) plants at the 
early vegetative stages V6 and V10 and from 10 plants (both years) at physiological 
maturity (R6) and from late vegetative stages (V14) to late reproductive stages (R5 or 
R1R6) biomass was harvested from 3 (2013) or 4 (2014) consecutive plants. 
From V14 to R5 or R1R6 stages plants were also pre-selected in zones to receive 
the “pulse-labeled” 15 N application which can be viewed in more detail in section 1.3.2 
on Chapter 1. Thus, microplots were identified with plot stakes representing each plant 
growth stage for 15N application and biomass collection (Table 2.1). 
At each growth stage, plant biomass was removed by cutting with a garden 
clipper at the base of the stems. Plants were partitioned into stems + leaf sheaths + tassels 
(stems), leaf blades (leaves), husks + shank + silks (husks), whole ear, and the added 
separation of cobs and kernels at R5 in 2013, and at R4, R5 and R6 stages in 2014. In 
2013, stem and husk components were combined. Stems were chopped manually 
immediately after harvested. All samples were dried for seven days at 60ºC, weighed and 
coarse ground. Stems, leaves and husks were ground to a 2 mm screen size. Cobs and 
kernels were initially ground to a 4mm screen size and reground to a powder using a 
coffee grinder if they were destined for standard N combustion analysis in the 




were taken to the isotope laboratory to proceed with the mass spectrometry analysis 
(detailed procedure was described in the Appendix A). Remaining unlabeled samples for 
the V6, V10 and R6 stages were sent to A&L Great Lakes Laboratories, Inc. (Fort 
Wayne, IN) to analyze total N concentration (Nc) and macro-and micro-nutrient 
concentrations (data not shown) by the Dumas Method (Nitrogen by Combustion or 
Nitrogen by Thermal Conductance method) (AOAC International, 2000). Plant Dry 
Matter (DM) was calculated per unit area by dividing plant dry weight (0%moisture) by 
the harvested area expressed in kg per ha. Total N uptake (Nu) was calculated by 
multiplying Nc (that was determined from either Isotope Lab or A&L) by plant DM 
(0% moisture) of each plant component at all development stages. 
 
2.3.4 Physiological Plant Measurements 
Non-destructive physiological measurements were completed at various maize 
development stages. Measurements were taken from 10 consecutive plants located in the 
microplots selected for the R6 zones. Measurements were taken in 3 reps for each 
location in 2013 and 6 reps for 2014. Vegetative stages were defined when 50% of plants 
in the entire experiment had fully expanded (i.e. collared) leaves for each targeted stage. 
Reproductive stages were determined when over 50% of plants were in early R1 (≥ 50% 
silking), R1 (≥ 90% silking), R2 (kernel blister), R4 (kernel dough), R5 (kernel dent) and 
in R6 (black layer/physiological maturity) (Abendroth et al., 2011). Physiological traits 
evaluated were anthesis-silking interval (ASI), leaf chlorophyll content (SPAD), leaf 
senescence ratio (SR), leaf area index (LAI), specific leaf N (SLN) and, lastly, specific 





2.3.5 Chlorophyll Meter (SPAD) and Senescence Ratio of the Canopy (SR) 
Leaf chlorophyll concentrations were collected from the 10 consecutive plants by 
the use of SPAD-502 (Minolta Sensing Americas, Inc., Ramsey, NJ). SPAD was estimated 
at multiple stages from early vegetative to the late reproductive period (Tables 2.16 and 
2.17). Measurements were taken in the mid-leaf position at the most fully expanded 
collared leaf for vegetative stages (V8 to V16), and measured at the ear leaf for 
reproductive stages (R1 to R5). Necrotic areas were avoided; however, the latter was not 
always possible at the R5 stage due to senescence variation among genotypes. Results were 
averaged within plots and recorded. For both locations in 2013, the SPAD measurements 
were generally completed at the same growth stages except for SPAD R2 which only 
occurred at PPAC and SPAD R5 which only occurred at ACRE. 
Senescence ratio of the canopy (SR) was calculated from results gathered at R1 
and R5 stages at ACRE in 2013 [Eq.a] and from R1 to R4 stages at ACRE in 2014 
[Eq.b]. It was not possible to estimate SR at PPAC because the latest SPAD measurement 
was taken at the R2 stage. 
SR = R5 − R1R5                                                                               [Eq. a] SR = R4 − R1R4                                                                                [Eq. b] 
 
2.3.6 Anthesis-Silking Interval (ASI) 
Anthesis – silking interval (ASI) was measured daily at flowering period from 10 




beginning of tasseling or silking periods; ratings were based on plant number with pollen 
shedding from ~10 suspended anthers (anthesis) or with first silks extruded at least 2 cm 
from the ear (silking). Due to genotypic variation, plants were monitored until ≥ 90% of 
tasseling and silking was complete in all treatments (R1 stage). The ASI was calculated 
by subtracting the date at which the first 5 or more plants completed anthesis from the 
date at which 5 or more plants initiated had silks extruding from the husks. 
 
2.3.7 Leaf Area Index (LAI), Specific Leaf N (SLN) and Specific Leaf Area (SLA) 
A Li-Cor 2200 Plant Canopy Analyzer (LI-COR, Lincoln, NE) was used to 
estimate Leaf Area Index (LAI) at V15, R1 and R3 growth stages in 2013 and at R1 and 
R3 stages in 2014 (Tables 2.16 and 2.17). Measurements were taken from different 
positions in the plots; one was initially taken above the canopy and three at ground level 
in the two middle corn rows, ½ row ¼ of row and ¾ row position. Data represented the 
mean of those three points. 
Additional parameters related to leaf components were evaluated at the R1 stage. 
Specific Leaf Nitrogen (SLN) was calculated by dividing leaf N content (leaf Nu) by LAI 
values were expressed in (g of N m-2) [Eq. c]. Specific Leaf Area (SLA) by dividing LAI 
by leaf dry matter (Leaf DM) values were expressed in (cm2 g-1) [Eq. d].  
SLN (g N m−2) = LeafNuLAI                                                                                         [Eq. c]   





2.3.8 Grain Yield (GY) and Yield Components: Kernel Number (KN) and Kernel 
Weight (KW) 
At physiological maturity (R6), grain yield (GY) and its components kernel 
number (KN) and kernel weight (KW) were analyzed from 10 consecutive plants in each 
plot. Ears were hand-harvested from 3 replications at ACRE and PPAC in 2013, and from 
6 replications at ACRE in 2014. Microplots were usually located in the two middle rows 
of the plot (rows 2 and 3); however, due to limited amount of seeds provided in 2013 it 
was difficult to place all microplots (with labeled N and unlabeled treatments) in the 
center rows. Thus, the R6 zones were occasionally placed in the border rows (1 and 4). 
Plants were partitioned into leaves, stems, husks, cobs and kernels as described 
previously. Kernel number (KN) was estimated per plant by multiplying the number of 
kernels per row by number of rows per ear. Kernel weight (KW) was estimated from 200 
kernel sample shelled from each ear, and moisture was adjusted to 155g kg-1 for GY 
estimation. Results were averaged from 10 plants.  
Lodged plants were counted based on the proportion of plants at R6 with stems 
leaning over 30° from vertical below the ear. Green snap was considered when plants 
were broken in the node position below or above the ear. Barren plants were noted if 
plants in the R6 zone contained 0 ears or ≤ 20 kernels per ear. There was no major 
incidence of lodging, green snap or barreness in any of the treatments. 
 
2.3.9 Equations of Aspects Measuring N Efficiencies 
Nitrogen Use Efficiency (NUE) and the parameters N Recovery Efficiency (NRE) 




applied (0N) and at the side dressed N rate of 112 kg N per ha (112N) using calculations 
published previously (Cassman et al., 2003; Ciampitti and Vyn 2012; Dobermann 2005). 
Nitrogen use efficiency (NUE) was calculated using the difference method, as the 
grain yield increment (GY112N – GY0N) per unit of N applied (112N) [Eq.1]. Grain 
yield was estimated in per-unit-area (kg ha-1 at 15.5% grain moisture). The N use 
efficiency was calculated as 
NUE �ΔKg Grain YieldN applied � = GY112N − GY0N Δ112N                                                              [1] 
Nitrogen Internal Efficiency (NIE) was estimated from the ratio of kg GY 
produced at fertilizer rate (GY 112N or GY 0N) per unit of kg plant N uptake from 
fertilizer N treatment (Nu 112N) or from the unfertilized N treatment (control plots) (Nu 
0N) [Eq.2]. The N internal efficiency was calculated as 
 NIE �Kg Grain YieldN uptake � = GYNrate Nu Nrate                                                                               [2] 
Nitrogen Recovery Efficiency (NRE) was calculated as the delta total plant N 
uptake from fertilizer minus unfertilized plots (Nu 112N - Nu 0N) per unit of N applied 
(112N) [Eq.3]. 
NRE �ΔKgN uptake applied� = Nu 112N − Nu 0N  112N                                                               [3] 
At physiological maturity (R6), Nitrogen Harvest Index (NHI, kg Nu kg-1) was 
estimated as the proportion of kg grain N uptake (GrNu) produced per kg of whole plant 
N uptake (Nu) [Eq.4]. NHI was calculated as  




Grain harvest Index (GHI, kg DM kg-1) was calculated on dry basis as the 
proportion of kg grain dry matter (Grain DM) produced per kg of whole aboveground 
plant dry matter (DM) [Eq.5]. 
GHI = Grain DM  (at 0%)Whole plant DM                                                                                                  [5] 
Post N uptake (PostN, kg ha-1) and N remobilization (Nrem, kg ha-1) were 
estimated based on the “balance method” (Coque and Gallais 2007; Ciampitti and 
Vyn 2013). Post flowering N uptake was calculated as the amount of whole plant N 
uptake at the R6 stage minus the whole plant N uptake at the R1 stage [Eq.6]. Post N 
uptake was calculated as PostN = Whole plant Nu(R6) − Whole plant Nu (R1)                                            [6] 
The N remobilization (Nrem, kg ha-1) was estimated by whole plant N uptake at 
the R1 stage (NuR1) minus stover N uptake at R6 stage (StR6) [Eq.7], and N 
remobilization efficiency (NremEF kg kg-1) was estimated by whole plant N uptake at the 
R1 stage (NuR1) minus stover N uptake at R6 stage (StoverNu) divided by NuR1 [Eq.8]. 
In 2014, the postN and Nrem dynamics were also calculated using the labeled N 
approach which is presented in Chapter 1. Absolute amounts of N remobilized (Nrem) 
and N remobilization efficiency (NremEF) were calculated as: Nrem = Whole plant Nu (R1) − StoverNu(R6)                                                        [7] 





2.3.10 Statistical Analysis 
The plot arrangement was a split-plot experimental design, consisting of six 
replications and two treatment factors. Nitrogen rate was the main factor with two levels, 
0 and 112N, and hybrid the sub-factor containing five levels (two pairs of high yielding 
and NUE hybrids plus the check old era hybrid). The parameters NUE, NIE0N, NIE112N 
and NRE were analyzed in a randomized complete block design. For each location in 
2013, all plant measurements were taken from 3 replications. In 2014, non-destructive 
plant measurements and biomass harvesting at the R6 stage were evaluated from 6 
replications, and only three replications were used for the early non-labeled stages (V6 
and V10) and for growth stages that received the “pulse labeled” 15N application.  
Statistical analyses were performed using the SAS software (SAS Institute, 
Version 9.4, 2014) GLM procedure. The whole unit error was pooled with the subunit 
error for all ANOVAs because it was not significant for the majority of the analyses 
(P>0.25). A combined location analysis of variance was performed in 2013 for each 
variable for all growth stages where the error variances were homogeneous for the 
majority of the stages (P>0.01). Location by treatment interactions were pooled with the 
experimental error. Fisher’s protected least significant difference (LSD) test was used to 
compare treatment means where the corresponding ANOVA F test was significant 
(P<0.05). More detailed information for the statistical analyses when 15N was applied can 





2.4.1 Growing Season Weather and Soil Analyses 
The 2013 growing season experienced near normal temperatures and precipitation 
events with warmer seasonal air temperatures at the ACRE location than PPAC (Table 
2.1). In 2013, PPAC received around double the rainfall of ACRE during the growing 
season. In 2014, the above-normal rainfall events that occurred during the grain filling 
period possibly resulted in greater NO3- - N losses through leaching. 
Information concerning soil fertility and soil NH4+/ NO3- contents for each field 
experiment can be viewed in Tables 2.2 and 2.3, respectively. When comparing 
individual site-years, ACRE 2013 had higher soil organic matter (OM) than the other 
sites, while PPAC and ACRE 2014 had similar levels of soil OM as well as for the other 
nutrients that were estimated at planting (Table 2.2). At all sites, soil ammonium and 
nitrate contents were collected from the control plots (0N) and fertilized plots (112N) 
roughly in the same periods of the growing season. Amounts of soil NH4+ and NO3- - N 
were similar for both ACRE 2013 and PPAC in 2013, however; from the V14 stage 
onward, ACRE 2014 showed higher soil NH4+ levels and lower levels of soil NO3- - N 
than both locations in 2013. This difference in soil N levels may have contributed to a 
larger N rate response from 0N to 112N for all variables measured in 2014 than in 2013.  
 
2.4.2 Aboveground Plant Biomass per Unit Area (DM) Overtime 
Plant biomass (DM, kg ha-1) accumulations in leaves, stems, husks, ears ( cobs 
and/or kernels) on a dry weight per unit area basis for the hybrid sub-treatments, after 




for the two locations in 2013) and Table 2.5 (for the ACRE site in 2014). The N rate 
effects (averaged over the hybrid treatments) on DM in the same plant components are 
illustrated in Figures 2.1 and 2.2 and can also be viewed in the Appendix on Tables B.1 
and B.2 for 2013 and 2014, respectively. 
In 2013, N rate had more impact on the whole plant DM accumulation after the flowering 
period than before, but the higher N rate increased DM in plant components across 
almost all development stages except for leaf DM at V6 stage (Fig. 2.1 and in the 
Appendix Table B.1 and Fig. B.1). In 2014, N rate already strongly impacted total DM 
accumulation early in the season and the higher N rate increased DM in plant components 
at all growth stages (Fig. 2.2 and Appendix Table B.2). Hybrid DM responses for both 
years were averaged over the two N rates since the hybrid by N rate interactions for DM 
were generally not significant (Tables 2.4 and 2.5). In 2013, although the NUE hybrids 
did not always differ significantly from other hybrids in specific growth stages, they 
seemed to have rather consistently higher DM accumulation in the stover components 
(leaves and stems) than the other hybrids (Table 2.4). Both NUE hybrids achieved high 
leaf DM levels from the V6 stage onwards, and by maturity the NUE hybrids still had 
significantly higher leaf DM accumulation (Appendix Fig. B.1). In 2014, hybrid 
differences were less apparent for leaf DM accumulation; however, in growth stages 
where differences were observed the NUE hybrids accumulated more leaf DM (observed 
at V6, V10, R2 and R6 stages), but they were not always significantly different from the 
other hybrids (Table 2.5). Across both years, the high yield hybrid # 1 accumulated less 
DM accumulation in vegetative components than the NUE hybrids, while hybrid 4 




hybrid 5 had a larger stem DM accumulation at almost all stages (V16, Early R1, R2 up 
to the R4 stage) in comparison to the other hybrids and hybrid 5 had a rapid decline in 
stem DM after R4. Although stem DM for hybrid 5 did not differ from stem DM of NUE 
hybrids, the latter were able to maintain more stable stem DM levels up to the R6 stage. 
For the reproductive organs, in both years NUE hybrids clearly demonstrated a lower ear 
or kernel DM accumulation between the R1 stage and R6 growth stages, and more 
pronounced differences were observed in 2014 (Table 2.5) than in 2013 (Table 2.4). 
 
Figure 2.1 Effects of the overall sidedress N rate (0N and 112N) on the partitioning of 




Figure 2.2 Effects of the overall sidedress N rate (0N and 112N) on the partitioning of 
aboveground plant biomass (DM) per unit area (kg ha-1) over time in 2014. 
A more complete characterization of hybrids DM across development stages over the two 
years is described below. 
In 2013, before flowering, hybrid 1 had lower DM production and NUE hybrids 2 
and 3 accumulated higher levels of leaf DM, although leaf DM for the high NUE hybrids 
was never significantly superior to hybrid 4 (Table 2.4). NUE hybrid 2 achieved more 
leaf DM than both hybrid 1 and hybrid 5 (old era hybrid) from V6 to the V14 stage.  
At the R1 stage there was a significant N rate x hybrid interaction for the stem 
component (Appendix Table B.7.1); at 0N stem DM was significantly higher for hybrid 5 
whereas stem DM did not differ among hybrids 1, 2, 3, and 4; however, at the 112N rate, 
hybrids 2 and 3 achieved the highest stem DM and did not differ from hybrids 4 and 5. 
Although the NUE hybrids showed higher incremental gains in stem DM with the 112N 
(hybrid 2 increased stem DM by approximately 820 kg ha-1 from 0 to 112N, and hybrid 3 




significant response to the N treatments in that stem DM actually declined (~ 965 kg ha-1) 
from 0 to 112N (Appendix Table B.7.1). At this stage, when averaged across both N 
rates, leaf DM was significantly lower for hybrid 1 and did not differ among hybrids 2, 3, 
4, and 5 (Table 2.4). For the ear components, hybrids 2 and 5 had the lowest DM 
accumulation in the ear at R1 (~ 700 kg ha-1) while ear DM for hybrids 1, 3 and 4 was 
approximately 970 kg ha-1. After this period, except for kernel DM at the R6 stage 
(Appendix Table B.7.2), there were no significant N rate x hybrid interactions in any 
plant component and so results are presented averaged over both 0N and 112N rates.  
At the R2 stage, total DM accumulation for the NUE hybrids 2 and 3 (~ 1300 
kg ha-1) was almost as high as that for hybrid 5 (~ 14260 kg ha-1) but significantly higher 
than the DM accumulation in hybrid 1 (~ 11000 kg ha-1) (Table 2.4). The relatively 
higher total DM for the old hybrid 5 in this stage was explained by its substantially higher 
DM accumulation in the stem when compared to the other hybrids. The NUE hybrids 2 
and 3 preferentially accumulated more DM in the leaves rather than any other plant 
component at the R2 stage (Table 2.4). Additionally, at R2, hybrid 1 had the smallest 
overall DM accumulation but hybrid 2 did not differ in stem DM and total DM from 
hybrid 4.  
At R4, there were no significant hybrid differences for DM accumulation in the 
leaves, but NUE hybrids 2 and 3 accumulated the same amount of stem DM as the old 
hybrid (~7000 kg ha-1), while hybrids 1 and 4 accumulated significantly lower stem DM 
(~ 5600 kg ha-1) when compared to the other hybrids (Table 2.4). All hybrids 
accumulated the same amount of ear DM (~ 8000 kg ha-1) except for hybrid 5 which had 




different from hybrid 4. In this stage there were hybrid differences for total DM 
accumulation; hybrids 1 and 2 were significantly lower in total DM (~ 18170 kg ha-1) 
than the old hybrid 5 (21650 kg ha-1) while hybrids 3 and 4 were not significantly 
different from any other hybrid.  
At R5, hybrid 1 had lower leaf DM accumulation (3000 kg ha-1) than all hybrids 
(Table 2.4). Stem DM weights declined 16 to 27 % from the R4 to the R5 stage for all 
hybrids but NUE hybrids 2 and 3 had higher stem DM at R5 than all other hybrids. Cob 
DM was highest for NUE hybrids and lowest for hybrid 1 and 4. Hybrid 4 had higher 
kernel DM (11318 kg ha-1) than both NUE hybrids.  
At R6, there were no significant differences among hybrids in total DM. 
However, NUE hybrids still retained higher leaf DM and stem DM than other hybrids 
(Table 2.4). A significant N rate x hybrid interaction was observed for kernel DM 
(Table B.7.2); at 0N all hybrids achieved higher kernel DM accumulation than hybrid 3 
but at 112N hybrid 4 had lower kernel DM and was not different from hybrids 1 and 3. 
Also, except for hybrid 4, all hybrids significantly increased kernels DM as the N rate 
increased from 0 to112N.  
In 2014, the moderate N rate also increased DM accumulation in plant 
components at all development stages relative to 0N (Fig. 2.2, Appendix Table B.2). At 
the V6 stage, hybrid 2 had significantly lower leaf and total plant DM than hybrid 3 when 
averaged over both N rates (Table 2.5). At this stage, NUE hybrid 3 demonstrated the 
highest DM accumulation for leaf, stems and total DM (494 kg ha-1) when compared to 
all other hybrids. By the V10 stage, NUE hybrid 2 had grown rapidly and achieved the 




hybrid 3 (Fig. B.1). At V15, stem DM was lowest with NUE hybrid 2 and highest in the 
old hybrid 5, but there were no mean hybrid differences in leaf DM.  
At R1 there was a N rate x hybrid interaction for stem DM and total DM 
(Appendix Tables B.7.3 and B.7.4, respectively). The moderate N rate significantly 
increased total DM in all hybrids (Appendix Table B.7.4); at 0N, hybrid 3 had the higher 
total DM and performed better than hybrid 5. In contrast, at 112N, hybrids 3 and 5 were 
ranked oppositely than at 0N; hybrid 3 achieved the lowest total DM and hybrid 5 the 
highest total DM accumulation at 112N. Additionally, the total DM for hybrid 2 was 
intermediate among hybrids for both N rates. At R4, partitioning of ear DM in cobs and 
kernels for the first time in reproductive growth stages was helpful to distinguish the 
actual kernel DM accumulation from cob DM (Table 2.5). When averaged over both N 
rates, NUE hybrids 2 and 3 accumulated less kernel DM at the R4 stage than hybrids 1, 4 
and 5 (and less ear DM than hybrids 4 and 5). Other plant component DM weights were 
not significantly different among hybrids at R4. 
At the R5 stage, kernel DM was lowest with NUE hybrid 3 while the other 
hybrids did not differ significantly in kernel DM among each other when averaged over 
two N rates (Table 2.5). Then at the R6 stage in the R1R6 plant zones (containing 4 
plants), kernel DM was the lowest for NUE hybrid 2 and the highest for the old era 
hybrid 5, while NUE hybrid 3 also achieved kernel DM that was significantly lower than 
that for hybrid 5. For the same growth stage but in the R6 plant zones with biomass 
harvesting from 10 plants and when averaged across both N rates, higher leaf DM 
accumulation was observed in both NUE hybrids relative to hybrids 1 and 5, although 




stage there was a N rate x hybrid interaction for Leaf DM (Appendix Table B.7.5) 
because NUE hybrids demonstrated high values at both 0N and 112N rates while hybrid 
1 showed the lowest leaf DM at both N rates but did not differ from hybrids 4 and 5 at 
112N.  
Overall, in 2013, where there were significant hybrid mean separations for stem 
DM after the flowering period, the NUE hybrids showed a slower decline in stem DM 
weights across stages in comparison to the others (Table 2.4). Even at late grain fill 
stages (from R4 to R6), NUE hybrids showed high DM accumulation in the leaves and 
stem components. In the N rate x hybrid interaction on kernel DM at R6 (Appendix 
Table B.7.2), NUE hybrids were highly responsive to the N rate and showed the largest 
kernel DM incremental gain from 0 to 112N in comparison to the other hybrids. In 
contrast, at R5 and R6 stages hybrid 1 showed lowest stover DM (Table 2.4) but 
relatively high kernel DM at R5 stage at both N rates (Appendix Table B.7.2). Hybrid 4 
had similar patterns in leaf DM accumulation with the NUE hybrids roughly from V6 to 
~ R2 (Table 2.4), but this hybrid had a faster decline in stem DM after the flowering 
period (from R2 onward), with a subsequent increase in kernel DM at R5 and a lower leaf 
DM at the R6 stage in comparison to the NUE hybrids.  
In general, for both years, the main feature of the NUE hybrids was their ability to 
maintain relatively high DM levels in vegetative organs from early in the season (V6) 
with high DM accumulation in the stover components even at maturity (R6). 
Furthermore, although NUE hybrids generally accumulated the lowest amount of ear or 
kernel DM among hybrids, the NUE hybrids showed a larger gain in kernel DM from 0 




Table 2.4 Hybrid impacts on the aboveground plant biomass (DM) in plant components 
per unit area (kg ha-1) over time in 2013. 







V6 Hybrid         
 2K757 320 c 134 d     --- 455 c 
 NUEB104XN2 498 a 243 ab     --- 741 a 
 NUEB104DE7 429 ab 252 a     --- 680 ab 
 X12764HR 462 ab 188 c     --- 650 ab 
  B73xLH51 406 b 203 bc     --- 609 b 
V10 Hybrid         
 2K757 2114 c 1572 b     --- 3686 b 
 NUEB104XN2 2508 a 1933 a     --- 4441 a 
 NUEB104DE7 2440 ab 2021 a     --- 4461 a 
 X12764HR 2350 ab 1888 a     --- 4238 a 
  B73xLH51 2273 bc 1997 a     --- 4270 a 
V14 Hybrid         
 2K757 2660 c 4068 b     --- 6728 
 NUEB104XN2 3324 a 4316 b     --- 7640 
 NUEB104DE7 3191 ab 4475 b     --- 7667 
 X12764HR 3250 ab 5104 a     --- 8358 
 B73xLH51 2908 bc 4573 ab     --- 7481 
V16 Hybrid         
 2K757 3134 c 5906 b 744 a 9826 b 
 NUEB104XN2 3572 ab 5839 b 492 c 9907 b 
 NUEB104DE7 3526 ab 5994 b 548 bc 10103 b 
 X12764HR 3293bc 5870 b 662 ab 9889 b 
 B73xLH51 3634 a 7460 a 698 ab 11798 a 
Early R1 Hybrid         
 2K757 3156 6831 b 1096 11172 
 NUEB104XN2 3767 7061 b 618 11450 
 NUEB104DE7 3732 7442 ab 831 12086 
 X12764HR 3413 6424 b 946 10941 




Continued Table 2.4. Hybrid impacts on the aboveground plant biomass (DM) in plant 
components per unit area (kg ha-1) over time in 2013. 







(kg ha-1)  
HSK 
DM 
(kg ha-1)  
EAR 
DM 






(kg ha-1)  
TTL  
DM 
(kg ha-1)  
R1 Hybrid               
 2K757 2727 b 6105 c 950 a 947 a     ---     --- 10728 
 NUEB104XN2 3183 a 6667 bc 720 c 701 b     ---     --- 11270 
 NUEB104DE7 3187 a 6884 ab 782 bc 929 a     ---     --- 11782 
 X12764HR 3090 a 6623 bc 968 a 1040 a     ---     --- 11720 
 B73xLH51 3059 a 7384 a 888 ab 699 b     ---     --- 12030 
R2 Hybrid               
 2K757 2563 d 5822 d 1048 1456     ---     --- 10889 c 
 NUEB104XN2 3373 a 7384 b 977 1496     ---     --- 13230 ab 
 NUEB104DE7 3320 ab 6933 bc 1017 1622     ---     --- 12892 ab 
 X12764HR 2873 c 6441 cd 1105 1580     ---     --- 11999 bc 
  B73xLH51 3072 bc 8487 a 1216 1482     ---     --- 14257 a 
R4 Hybrid        
 2K757 3001 5254 b 1048 bc 8283 b     ---     --- 17586 b 
 NUEB104XN2 3245 6853 a 910 c 7747 b     ---     --- 18755 b 
 NUEB104DE7 3778 7050 a 1118 ab 7986 b     ---     --- 19933 ab 
 X12764HR 3450 5684 b 1247 a 9053 ab     ---     --- 19434 ab 
  B73xLH51 3701 6999 a 1198 ab 9753 a     ---     --- 21650 a 
R5 Hybrid               
 2K757 3001 b 4343 c 888 12653 1477 c 11176 ab 20884 
 NUEB104XN2 3541 a 5773 a 839 12032 1953 a 10078 bc 22185 
 NUEB104DE7 3608 a 5662 a 937 11523 1792 ab 9731 c 21729 
 X12764HR 3320 a 4670 bc 972 12671 1352 c 11318 a 21633 
  B73xLH51 3475 a 5091 b 999 12813 1702 b 11111 ab 22377 
R6 Hybrid               
 2K757 2891 b 5064 b     --- 11673 1552 b 10121 19628 
 NUEB104XN2 3505 a 6237 a     --- 11960 1857 a 10102 21702 
 NUEB104DE7 3423 a 5611 ab     --- 10519 1699 ab 8820 19553 
 X12764HR 2999 b 4932 b     --- 10699 1285 c 9414 18630 
 B73xLH51 2636 b 5255 b     --- 11670 1613 ab 10057 19561 
*GS growth stage, HSK Husk, Ear=cob + kernel (KRN), TTL total. 
 Within growth stages, means for each plant component with the same letter are not significantly 
different (p<0.05), also means without letters are not significantly different at p<0.05 T test 
(LSD).  
 Growth stages represent means of two locations (ACRE and PPAC) with the exception of V14 





Table 2.5 Hybrid impacts on the aboveground plant biomass (DM) in plant components 
per unit area (kg ha-1) over time in 2014. 
GS Main Effect 
LEAF 
DM 













V6 Hybrid           
  2K757 275 bc 117 b     ---     --- 392 bc 
  NUEB104XN2 285 b 116 b     ---     --- 401 b 
  NUEB104DE7 336 a 159 a     ---     --- 495 a 
  X12764HR 244 c 101 b     ---     --- 345 c 
  B73xLH51 279 bc 119 b     ---     --- 398 b 
V10 Hybrid           
  2K757 2050 c 1783     ---     --- 3831 
  NUEB104XN2 2341 a 1793     ---     --- 4134 
  NUEB104DE7 2259 ab 2015     ---     --- 4274 
  X12764HR 2155 bc 1878     ---     --- 4033 
  B73xLH51 2114 bc 1988     ---     --- 4102 
V15 Hybrid           
  2K757 2290 4419 bc     ---     --- 6807 
  NUEB104XN2 2668 3929 c     ---     --- 6600 
  NUEB104DE7 2694 4745 ab     ---     --- 7474 
  X12764HR 2656 4471 bc     ---     --- 7151 
  B73xLH51 2627 5240 a     ---     --- 7942 
R1 Hybrid           
  2K757 2741 6471 894 a 642 a 10748 
  NUEB104XN2 3120 6774 577 b 355 b 10826 
  NUEB104DE7 3128 6770 620 b 428 b 10946 
  X12764HR 2939 6156 824 a 652 a 10570 
  B73xLH51 2873 6683 850a 551 ab 10957 
R2 Hybrid           
  2K757 3104 bc 6931 2030 ab 3793 a 15859 
  NUEB104XN2 3629 ab 8136 1692 c 2688 b 16144 
  NUEB104DE7 3905 a 7965 1745 bc 2885 b 16500 
  X12764HR 3369 ab 7168 2162 a 3688 a 16388 




Continued Table 2.5. Hybrid impacts on the aboveground plant biomass (DM) in plant 
components per unit area (kg ha-1) over time in 2014. 
GS Main  Effect 
LEAF 
DM  
(kg ha-1)  
STEM 
DM 
(kg ha-1)  
HSK  
DM 
(kg ha-1)  
EAR 
DM 






(kg ha-1)  
TTL 
DM 
(kg ha-1)  
R4 Hybrid               
  2K757 2871 5519 902 7833 ab 1279 6554 a 17126 
  NUEB104XN2 3170 5891 786 6349 bc 1476 4873 b 16196 
  NUEB104DE7 3208 6300 748 5821 c 1352 4469 b 16077 
  X12764HR 3233 5629 970 7861 a 1252 6609 a 17693 
  B73xLH51 2708 4878 934 8711 a 1576 7135 a 17232 
R5 Hybrid        
  2K757 3074 4605 1005 10452 a 1196 bc 9256 a 19137 
  NUEB104XN2 3612 6066 973 9771 a 1553 a 8218 a 20423 
  NUEB104DE7 3117 5445 987 7846 b 1289 bc 6558 b 17395 
  X12764HR 3410 4631 1060 10529 a 1147 c 9382 a 19630 
  B73xLH51 3166 5235 1009 10572 a 1425 ab 9148 a 19982 
R1R6 Hybrid               
  2K757 1943 4155 952 bc 10173 ab 1090 b 9083 ab 17223 
  NUEB104XN2 2336 4600 765 c 8156 b 1190 b 6966 c 15857 
  NUEB104DE7 2008 4683 889 bc 8419 b 1175 b 7244 bc 16000 
  X12764HR 1893 4219 1030 ab 10112 ab 1016 b 9096 ab 17254 
  B73xLH51 1809 5249 1247 a 12134 a 1640 a 10494 a 20439 
R6 Hybrid               
  2K757 2336 d 3734 b 795 b 9070 b 1062 cd 8008 b 15934 b 
  NUEB104XN2 2980 a 4087 ab 630 c 8212 b 1283 b  6929 c 15909 b 
  NUEB104DE7 2729 b 3835 b 667 c  6997 c 1126 c 5870 d 14228 c 
  X12764HR 2670 bc 3635 b 856 ab 8902 b 980 d 7922 b 16063 b 
  B73xLH51 2481 cd 4521 a 945 a 10640 a 1530 a 9110 a  18587 a 
*GS growth stage, HSK Husk, Ear=cob + kernel (KRN); TTL total. 
 Within growth stages, means for each plant component with the same letter are not significantly 
different (p<0.05), also means without letters are not significantly different at p<0.05 T test 
(LSD). 





2.4.3 Nitrogen Concentration (Nc) in Plant Components Overtime 
Nitrogen concentration (Nc, %) in leaves, stems, husks, ears (cobs and/or kernels) 
for the hybrid sub-treatments, after averaging across the two main N rate treatments, are 
presented in Table 2.6 (combined for the two locations in 2013) and Table 2.7 (for the 
ACRE site in 2014). The N rate effects (averaged over the hybrid treatments) on N in the 
same plant components are demonstrated in the Appendix Tables B.3 and B.4 for 2013 
and 2014, respectively.  
In both years, N rate effects significantly increased Ncin plant components across 
the entire season for both years (Appendix Tables B.3 and B.4). In 2013, the NUE 
hybrids 2 and 3 had significantly lower leaf Nc than the other hybrids from the early V6 
stage to late R5 growth stage (Table 2.6). Occasionally, the old era hybrid 5 had the same 
amount of leaf Nc than the NUE hybrids; however, this old hybrid did not have a 
consistent pattern in leaf Nc throughout the season as was often observed for the NUE 
hybrids (Table 2.6). At R1 stage, hybrid 3 had higher ear Nc (2.5%) than hybrids 1 and 4 
(~2.3%) and NUE hybrid 3 did not differ from hybrids 2 and 5. At R4, hybrid treatments 
did not differ in Nc in any plant component except for the husks (where both NUE 
hybrids presented significantly higher husk Nc than the other hybrids). At R5, there was a 
N rate x hybrid interaction for stem and kernel components (Appendix Tables B.8.1 and 
B.8.2, respectively). For stem components (Appendix Table B.8.1), at 0N there were no 
significant hybrid differences; however at 112N, stem Nc was significantly higher for 
hybrid 1 (0.35%) while the lowest stem Nc value was observed for hybrid 2 (0.3%). 




For kernel Nc (Appendix Table B.8.2), when hybrids were compared at the 0N 
rate, a higher kernel Nc was observed for NUE hybrid 3 (1.0%) and this hybrid was not 
significantly different from hybrids 2 and 5. Hybrids 1 and 4 achieved the lowest kernel 
Nc (~0.9%) and were also not significantly different than hybrids 2 and 5. At 112N; 
kernel Nc was significantly higher for hybrid 5 with (1.3%) ≥ hybrid 4 (1.2%) ≥ hybrid 3 
(1.2%) ≥ hybrid 1 = hybrid 2 with the lowest kernel Nc (1.1%). Thus, at 0N the NUE 
hybrid 3 accumulated more Nc in the grain than the “high yielding” hybrids 1 and 4 but 
hybrid 3 did not differ from these hybrids at 112N (Appendix Table B.8.2). At this stage 
(R5), when averaged both N rates, hybrids 1 and 4 had higher Nc in the leaf and stems 
and stored the least amount of Nc in the kernels (Table 2.6). The lowest kernel Nc at R5 
was observed in hybrid 1 which was not significantly different from hybrids 4, the old 
hybrid 5 accumulated the most Nc in the kernels and did not differ from hybrids 3 and 4, 
while the NUE hybrid 2 differed only from hybrid 5. At R6, there were no significant 
differences in Nc in plant components among hybrids (Table 2.6). 
Results from 2014 confirmed the previous findings from 2013 with lower leaf Nc 
for NUE hybrids 2 and 3 and relatively higher leaf Nc for hybrids 1 and 4 with more 
variation in leaf Nc for the old era hybrid 5 (Table 2.7). The interaction effects on plant 
components at R1, R5 and R6 stages can be viewed in the Appendix Tables B.8.3, B.8.4 
and B.8.5. In 2014, there was also a significant difference in kernel Nc at physiological 
maturity (Table 2.7); hybrid 3 achieved the highest kernel Nc (1.1 %), followed by high 
kernel Nc for hybrid 2, while both hybrids 1 and 4 achieved the lowest kernel Nc among 
all hybrids (0.9 %). The lower ear or kernel Nc for hybrid 1 was already clearly seen at 




partitioning of kernels and cobs at R4 in 2014 also provided more insights into kernel N 
concentrations, because there were no significant treatment effects on Nc in the whole 
ears when kernels and cobs were not separated in 2013.  
Overall, the NUE hybrids demonstrated lower leaf Nc in the leaves and stems at 
most growth stages which suggests that Nc dilution occurred as the season progressed. 
Normally, lower Nc in maize plant components occur as a consequence of the increase in 
DM production (Plenet and Lemaire, 2000).  
Table 2.6 Hybrid impacts on N concentration (Nc) in plant components over time in 
2013. 





V6 Hybrid       
 2K757 4.2 a 3.9 a     --- 
 NUEB104XN2 3.7 c 3.3 b     --- 
 NUEB104DE7 3.9 b 3.6 a     --- 
 X12764HR 4.1 a 3.8 a     --- 
 B73xLH51 3.9 b 3.6 a     --- 
V10 Hybrid       
 2K757 2.8 a 1.7     --- 
 NUEB104XN2 2.5 b 1.5     --- 
 NUEB104DE7 2.5 b 1.6     --- 
 X12764HR 2.8 a 1.6     --- 
 B73xLH51 2.9 a 1.5     --- 
V14 Hybrid       
 2K757 2.1 ab 0.7     --- 
 NUEB104XN2 1.8 c  0.6     --- 
 NUEB104DE7 2.0 bc 0.7     --- 
 X12764HR 2.2 a 0.7     --- 
 B73xLH51 2.0 abc 0.6     --- 
V16 Hybrid       
 2K757 2.5 a 0.6 1.5 
 NUEB104XN2 2.1 b 0.6 1.9 
 NUEB104DE7 2.1 b 0.6 1.8 
 X12764HR 2.4 a 0.7 1.8 
 B73xLH51 2.4 a 0.6 1.8 
Early R1 Hybrid    
 2K757 2.8 a 0.6 1.4 
 NUEB104XN2 2.2 b 0.6 1.7 
 NUEB104DE7 2.3 b 0.7 2.0 
 X12764HR 2.5 ab 0.7 1.8 




Continued Table 2.6. Hybrid impacts on N concentration (Nc) in plant components over 
time in 2013. 











R1 Hybrid             
 2K757 2.4 a 0.4 1.1 c 2.3 b     ---     --- 
 NUEB104XN2 2.0 c 0.4 1.3 b 2.9 ab     ---     --- 
 NUEB104DE7 2.2 b 0.4 1.4 a 2.5 a     ---     --- 
 X12764HR 2.3 ab 0.4 1.2 bc 2.3 b     ---     --- 
 B73xLH51 2.2 b 0.4 1.3 b 2.4 ab     ---     --- 
R2 Hybrid             
 2K757 2.2 a 0.4 0.9 c 1.9     ---     --- 
 NUEB104XN2 1.7 c 0.3 1.0 b 1.9     ---     --- 
 NUEB104DE7 1.8 bc 0.3 1.1 a 1.8     ---     --- 
 X12764HR 2.0 ab 0.3 1.0 ab 1.8     ---     --- 
  B73xLH51 2.1 a 0.3 1.0 ab 1.8     ---     --- 
R4 Hybrid       
 2K757 1.6 0.3 0.5 b 0.9     ---     --- 
 NUEB104XN2 1.5 0.3 0.6 a 1.0     ---     --- 
 NUEB104DE7 1.4 0.3 0.7 a 1.0     ---     --- 
 X12764HR 1.5 0.3 0.5 b 1.0     ---     --- 
 B73xLH51 1.5 0.3 0.5 b 1.0     ---     --- 
R5 Hybrid             
 2K757 1.0 a 0.3 a 0.4 ab     --- 0.3 b 1.0 c 
 NUEB104XN2 0.7 b 0.2 c 0.4 ab     --- 0.3 b 1.0 bc 
 NUEB104DE7 0.8 b 0.2 bc 0.4 a     --- 0.4 a 1.1 ab 
 X12764HR 0.8 ab 0.3 a 0.3 c     --- 0.3 b 1.1 abc 
  B73xLH51 0.8 b 0.3 ab 0.3 bc     --- 0.3 b 1.1 a 
R6 Hybrid             
 2K757 0.8 0.4     ---     --- 0.3 1.0 
 NUEB104XN2 0.8 0.4     ---     --- 0.3 1.0 
 NUEB104DE7 0.8 0.4     ---     --- 0.3 1.1 
 X12764HR 0.8 0.4     ---     --- 0.3 1.0 
 B73xLH51 0.8 0.4     ---     --- 0.3 1.1 
* GS growth stage, Ear=cob + kernel (KRN). 
 Within growth stages, means for each plant component with the same letter are not 
significantly different (p<0.05), also means without letters are not significantly different at 
p<0.05 T test (LSD).  
 Growth stages represent means of two locations (ACRE and PPAC in 2013) with the 




Table 2.7 Hybrid impacts on N concentration (Nc) in plant components over time in 
2014. 







V6 Hybrid         
  2K757 3.6 a 3.0     ---     --- 
  NUEB104XN2 3.2 b 2.9     ---     --- 
  NUEB104DE7 3.2 b 2.9     ---     --- 
  X12764HR 3.7 a 3.1     ---     --- 
  B73xLH51 3.3 b 2.9     ---     --- 
V10 Hybrid         
  2K757 2.4 a 1.3 ab     ---     --- 
  NUEB104XN2 2.1 b 1.2 cd     ---     --- 
  NUEB104DE7 2.1 b 1.2 d     ---     --- 
  X12764HR 2.5 a 1.4 a     ---     --- 
  B73xLH51 2.6 a 1.3 bc     ---     --- 
V15 Hybrid         
  2K757 2.1 a 0.7 a     ---     --- 
  NUEB104XN2 1.5 c 0.5 b     ---     --- 
  NUEB104DE7 1.7 bc 0.6 a     ---     --- 
  X12764HR 2.0 ab 0.6 a     ---     --- 
  B73xLH51 1.8 bc 0.6 a     ---     --- 
R1 Hybrid         
  2K757 1.6 b 0.3 0.9 c 2.1 c 
  NUEB104XN2 1.4 c 0.3 1.2 b 2.4 a 
  NUEB104DE7 1.5 c 0.3 1.4 a 2.3 ab 
  X12764HR 1.7 b 0.3 1.2 b 2.2 bc 
  B73xLH51 2.0 a 0.4 1.2 ab 2.3 ab 
R2 Hybrid         
  2K757 1.3 b 0.2 0.6 b 1.2 bc 
  NUEB104XN2 1.1 c 0.2 0.7 a 1.3 ab 
  NUEB104DE7 1.3 bc 0.3 0.7 a 1.3 a 
  X12764HR 1.4 b 0.3 0.6 b 1.3 a 




Continued Table 2.7. Hybrid impacts on N concentration (Nc) in plant components over 
time in 2014. 









R4 Hybrid           
  2K757 1.2 ab 0.2 a 0.4 bc 0.3 b 0.9 c 
  NUEB104XN2 1.0 bc 0.2 b 0.5 ab 0.4 ab  1.1 ab 
  NUEB104DE7 0.9 c 0.2 b  0.5 a 0.4 a 1.1 a 
  X12764HR 1.2 ab 0.2 a 0.4 c 0.4 b 1.0 b 
  B73xLH51 1.3 a 0.2 a 0.5 a 0.3 c 1.1 b 
R5 Hybrid      
  2K757 0.9 a 0.2 0.4 ab 0.3 bc 0.8 d 
  NUEB104XN2 0.8 b 0.2 0.5 a 0.3 b 1.0 b 
  NUEB104DE7 0.8 b 0.2 0.4 a 0.4 a 1.1 a 
  X12764HR 1.0 a 0.2 0.3 b 0.3 b 0.9 c 
  B73xLH51 0.8 b 0.2 0.4 ab 0.2 c 0.9 bc 
R1R6 Hybrid           
  2K757 0.8 ab 0.3 a 0.4 0.5 ab 0.9 d 
  NUEB104XN2 0.6 c 0.2 b 0.4 0.5 bc 1.0 b 
  NUEB104DE7 0.8 ab 0.2 b 0.5 0.5 a 1.1 ab 
  X12764HR 0.8 a 0.3 a 0.4 0.4 cd 0.9 cd 
  B73xLH51 0.7 b 0.2 b 0.4 0.4 d 1.0 bc 
R6 Hybrid           
  2K757 0.9 a 0.4 a 0.5 ab 0.5 a 0.8 d 
  NUEB104XN2 0.7 b 0.3 b 0.6 ab 0.4 b 1.0 b 
  NUEB104DE7 0.7 b 0.3 ab 0.6 a 0.5 a 1.1 a 
  X12764HR 0.8 a 0.4 a 0.5 c 0.4 ab 0.9 d 
  B73xLH51 0.8 a 0.3 ab 0.5 b 0.3 c 0.9 c 
* GS growth stage, Ear=cob + kernel (KRN). 
 Within growth stages, means for each plant component with the same letter are not significantly 
different (p<0.05), also means without letters are not significantly different at p<0.05 T test 
(LSD). 





2.4.4 Plant N Uptake per Unit Area (Nu) Overtime  
Plant N uptake (Nu, kg ha-1) in leaves, stems, husks, ears (cobs and/or kernels) for 
the hybrid sub-treatments, after averaging across the two main N rate treatments, are 
presented in Table 2.8 (combined for the two locations in 2013) and Table 2.9 (for the 
ACRE site in 2014). The N rate effects (averaged over the hybrid treatments) on Nu in 
the same plant components are demonstrated in the Appendix Tables B.5 and B.6 for 
2013 and 2014, respectively.  
In 2013, N rate significantly increased Nu in all plant components throughout the 
season (Appendix Table B.5). Even though the hybrid differences were small for N 
contents in plant components, significant hybrid differences in Nu were observed at some 
growth stages (Table 2.8). 
In 2013, when comparing treatment effects at beginning of the growing season 
(V6 stage), the accumulation of N in plant components was mostly controlled by 
genotypic variation (Table 2.8) and N rate only affected Nu in the leaves and was not 
significant for stem or total Nu (Appendix Table B.5). When averaged both N rates, there 
were no significant differences for total Nu between hybrids except for hybrid 1 with 
lower total Nu (Table 2.8). Hybrid 4 presented the highest leaf Nu and did not differ from 
the NUE hybrids 2 and 3. In the stems, the NUE hybrid 3 showed the largest stem Nu 
followed by hybrid 2 which was not different from hybrid 5, and hybrid 1 presented the 
lowest stem Nu among all hybrids.  
At V14, except for hybrid 4 with higher leaf and total Nu, there was no significant 




and 4 showed higher ear Nu when compared to hybrids 2 and 5. At the R5 stage, the old 
era hybrid 5 showed the highest kernel Nu which was not significantly different from the 
high yield hybrids 1 and 4, however; kernel Nu for hybrid 5 was significant higher than 
hybrids 2 and 3. Then at R6, the NUE hybrids 2 and 3 accumulated the most leaf Nu, 
both were significant higher in leaf Nu than the old hybrid 5 but only hybrid 3 differed 
from hybrids 1 and 4. Thus, NUE hybrids 2 and 3 accumulated more N in the stover 
(leaves + stems + husks + cobs) at maturity and did not differ in ear Nu in comparison to 
the other hybrids (Table 2.8). In general, hybrids that accumulated more Nu in the kernels 
at R5 consequently showed smaller amount of N accumulated in the leaves at R6, and 
even though the NUE hybrids presented lower kernel Nu at R5 they increased Nu to the 
grain at R6. 
Although there were no significant differences among hybrids for total Nu after 
flowering, NUE hybrid 2 and the high yield hybrid 4 demonstrated opposing Nu patterns 
in plant components at the R1 and R6 stages (Table 2.8). Hybrid 2 achieved the lowest 
Nu to the ears at R1 but the highest stover Nu at R6 while hybrid 4, which had high ear 
Nu at R1, had the least amount Nu accumulation in stover at R6. This pattern suggests a 
preferential accumulation of N to vegetative components for the NUE hybrid 2, driven by 
its higher stover biomass, than for hybrid 4, beginning already early in the season. The 
old hybrid 5 achieved lower ear Nu at R1 and lower stover Nu at R6; however, hybrid 5 
did not differ from the other hybrids in total Nu in any of the stages. Overall for 2013, 
when averaged for both N rates, NUE hybrids realized slightly higher leaf and stem Nu 





In 2014, the 112N rate significantly increased Nu in all plant components 
(Appendix Table B.6). In this year, there were more hybrid responses in Nu than in 2013 
and, from very early in the season, hybrids differed among each other in amounts of N 
accumulated in plant components, as well as in total Nu (Table 2.9). At V6 stage, there 
was a N rate x hybrid interaction for leaf Nu (Appendix Table B.9.1); at 0N, hybrid 3 
showed higher leaf Nu and was not significantly different from the old era hybrid 5, 
while hybrids 1, 2 and 4 accumulated the least leaf Nu and were also not different from 
hybrid 5. At 112N, hybrid 1 had the highest leaf Nu and the old hybrid 5 achieved the 
lowest leaf Nu. It was also observed that hybrids 1 and 2 were the only hybrids that 
responded positively to the N rate, with significant increases in leaf Nu from 0 to 112N. 
At this stage (V6), when comparing hybrids averaged over both N rates (Table 2.9), 
hybrid 3 showed significantly higher overall Nu by leaves, stems and whole plants than 
the other hybrids (except for non-significant difference from hybrid 1 in the leaf 
components). However, at V10, hybrid 3 had lower leaf and total Nu than all hybrids but 
was not significantly different from hybrids 1 and 2.  Hybrid 5 achieved the highest leaf 
Nu at V10 stage while hybrid 4 showed the largest total plant Nu; the latter hybrids 4 and 
5 were not significantly different from each other in leaf or total Nu. Although the NUE 
hybrid 2 accumulated the similar Nu in the leaf than all other hybrids, both NUE hybrids 
achieved significantly smaller total Nu when compared to hybrids 4 and 5. At V15, 
hybrid differences for stem Nu reflected the same genotypic variation for total plant Nu 
(Table 2.9) and, except for the NUE hybrid 2 with both significantly smaller stem Nu and 




At R1, when averaged both N rates (Table 2.9), hybrid 5 accumulated the highest 
amount of Nu in the leaves and in the whole plant relative to all hybrids while NUE 
hybrid 2 had lower leaf Nu and total Nu than hybrids 4 and 5. Hybrid 5 also had the 
highest stover Nu at R1 when compared to all hybrids, which was due to its high Nu in 
the husk components. Additionally, there were significant N rate x hybrid interactions for 
leaf, whole plant and stover Nu at R1 (Appendix Tables B.9.2, B.9.3, and B.9.4, 
respectively). At the 0N treatment, hybrids were not significantly different in any of the 
latter parameters except that the high yield hybrid 1 accumulated less leaf Nu than the old 
era hybrid 5 (Appendix Table B.9.2). At 112N, hybrid 5 had significantly higher leaf Nu, 
total Nu and stover Nu relative to the other hybrids while NUE hybrid 2 with lower leaf 
and total plant Nu did not differ from hybrids 1 and 3 for leaf Nu, and did not differ from 
NUE hybrid 3 in total plant Nu. Then, for the ear components at R1 (with no interaction) 
and when averaged over N rates (Table 2.9), hybrid 4 demonstrated the highest ear Nu 
while hybrid 2 had the lowest ear Nu. At R2, in the N rate x hybrid interaction for ear Nu, 
hybrids did not differ among each other at the 0N treatment (Table B.9.5); however, at 
112N, hybrid 4 had more ear Nu than all hybrids except for hybrid 1. 
At the R4 stage, when averaged over both N rates (Table 2.9), NUE hybrids 2 and 
3 accumulated the smallest kernel Nu and achieved higher cob Nu relative to all other 
hybrids but hybrid 1, while hybrid 5 had the highest kernel Nu and was not significantly 
different from hybrid 4. At the R5 stage, NUE hybrids maintained the highest cob Nu and 
hybrid 4 had the highest leaf Nu although hybrid 4 did not differ significantly from both 
NUE hybrids 2 and 3. At the R6 stage, NUE hybrids 2 and 3 had significantly smaller 




differences in kernel Nu at maturity, except for hybrid 5 which had the largest kernel Nu 
(132 kg ha- 1) compared to all other hybrids (Table 2.9).  
Therefore, results from 2014 confirmed the previous findings in 2013 that NUE 
hybrids preferentially accumulate N to its vegetative components throughout the season 
rather than to the ears or kernels, and that this N dynamic is driven by its lower kernel 
DM accumulation after the silking period. Total stover Nu in NUE hybrids wasn’t 
necessarily higher than that of some other hybrids (except at the R6 stage in 2013), but 





Table 2.8 Hybrid impacts on total N accumulation (Nu kg ha-1) in plant components over 
time in 2013. 













V6 Hybrid         
 2K757 13 c 5 c     --- 18 b 
 NUEB104XN2 18 ab 8 ab     --- 26 a 
 NUEB104DE7 17 ab 9 a     --- 26 a 
 X12764HR 19 a 7 bc     --- 26 a 
  B73xLH51 16 bc 8 b     --- 24 a 
V10 Hybrid         
 2K757 61 27     --- 88 
 NUEB104XN2 64 29     --- 93 
 NUEB104DE7 63 33     --- 96 
 X12764HR 67 31     --- 98 
 B73xLH51 67 31     --- 98 
V14 Hybrid         
 2K757 55 b 28     --- 83 b 
 NUEB104XN2 61 b 27     --- 88 b 
 NUEB104DE7 63 ab 31     --- 94 ab 
 X12764HR 73 a 36     --- 109 a 
 B73xLH51 60 b 27     --- 87 b 
V16 Hybrid         
 2K757 79 32 11 124 
 NUEB104XN2 76 37 9 122 
 NUEB104DE7 77 36 10 125 
 X12764HR 81 38 11 132 
 B73xLH51 90 43 12 145 
Early R1 Hybrid         
 2K757 91 44 15 152 
 NUEB104XN2 83 44 11 138 
 NUEB104DE7 85 52 16 156 
 X12764HR 85 43 17 149 
 B73xLH51 98 54 16 168 
*GS growth stage, HSK Husk, TTL total. 
 Within growth stages, means for each plant component with the same letter or without letter 
are not significantly different at p<0.05 T test (LSD). 
 Growth stages represent means of two locations (ACRE and PPAC in 2013) with the 




Continued Table 2.8 Hybrid impacts on total N accumulation (Nu kg ha-1) in plant components over time in 2013.  















R1 Hybrid                 
 2K757 65 27 10     --- 102 21 a     --- 123 
 NUEB104XN2 63 27 9     --- 99 16 b     --- 115 
 NUEB104DE7 69 30 10     --- 109 21 a     --- 130 
 X12764HR 71 29 11     --- 111 23 a     --- 134 
 B73xLH51 67 28 10     --- 105 16 b     --- 121 
R2 Hybrid                 
 2K757 56 21 9 b     --- 86 25     --- 111 
 NUEB104XN2 57 23 9 b     --- 89 23     --- 112 
 NUEB104DE7 62 21 10 ab     --- 93 26     --- 119 
 X12764HR 59 21 10 ab     --- 90 26     --- 116 
  B73xLH51 64 25 12 a     --- 101 25     --- 126 
R4 Hybrid         
 2K757 48 15 5 b     --- 68 78     --- 146 
 NUEB104XN2 51 18 6 b     --- 75 75     --- 150 
 NUEB104DE7 52 18 8 a     --- 78 82     --- 160 
 X12764HR 54 17 6 b     --- 77 92     --- 169 
 B73xLH51 54 19 6 ab     --- 79 95     --- 174 
R5 Hybrid                 
 2K757 28 13 3 5 bc 49     --- 115 abc 164 
 NUEB104XN2 27 14 3 5 b 49     --- 107 c 156 
 NUEB104DE7 31 14 4 6 a 55     --- 110 bc 165 
 X12764HR 28 13 3 4 c 48     --- 124 ab 172 
  B73xLH51 28 14 3 5 bc 50     --- 127 a 177 
R6 Hybrid         
 2K757 24 bc 21     --- 4 b 49 abc     --- 107 156 
 NUEB104XN2 28 ab 25     --- 5 a 58 a     --- 107 165 
 NUEB104DE7 29 a 21     --- 6 a 56 ab     --- 99 155 
 X12764HR 23 bc 19     --- 4 b 45 c     --- 99 145 
 B73xLH51 22 c 22     --- 4 b 48 bc     --- 110 158 




Table 2.9 Hybrid impacts on total N accumulation (Nu kg ha-1) in plant components over 
time in 2014. 






















V6 Hybrid               
 2K757 10 ab 4 b     ---     ---     ---     --- 14 b 
 NUEB104XN2 9 b 4 b     ---     ---     ---     --- 13 b 
 NUEB104DE7 11 a 5 a     ---     ---     ---     --- 16 a 
 X12764HR 9 b 3 b     ---     ---     ---     --- 12 b 
  B73xLH51 9 b 4 b     ---     ---     ---     --- 13 b 
V10 Hybrid               
 2K757 51 bc 25     ---     ---     ---     --- 76 bc 
 NUEB104XN2 52 abc 23     ---     ---     ---     --- 75 c 
 NUEB104DE7 49 c 25     ---     ---     ---     --- 74 c 
 X12764HR 56 ab 28     ---     ---     ---     --- 84 a 
 B73xLH51 56 a 27     ---     ---     ---     --- 83 ab 
V15 Hybrid               
 2K757 50 29 a     ---     ---     ---     --- 79 a 
 NUEB104XN2 42 20 b     ---     ---     ---     --- 62 b 
 NUEB104DE7 47 30 a     ---     ---     ---     --- 77 a 
 X12764HR 54 29 a     ---     ---     ---     --- 83 a 
 B73xLH51 48 32 a     ---     ---     ---     --- 82 a 
R1 Hybrid               
 2K757 47 bc 21 8 bc 76 b  14 ab     --- 90 bc 
 NUEB104XN2 44 c 22 7 c 73 b 8 c     --- 81 c 
 NUEB104DE7 47 bc 22 8 bc 77 b 10 bc     --- 87 bc  
 X12764HR 51 b 21 10 ab 81 b 14 a     --- 95 b 
 B73xLH51 59 a 28 10 a 97 a 13 ab     --- 110 a 
R2 Hybrid               
 2K757 43 17 12 72 47 ab     --- 119 
 NUEB104XN2 43 17 12 72 35 c     --- 107 
 NUEB104DE7 49 21 12 82 39 bc     --- 121 
 X12764HR 49 20 12 81 49 a     --- 130 





Continued Table 2.9. Hybrid impacts on total N accumulation (Nu kg ha-1) in plant components over time in 2014.  















R4 Hybrid                 
 2K757 34.4 11 3.9 4.4 bc 54.0 65.4 bc 61.0 bc 115.0 
 NUEB104XN2 33.9 11 4.0 5.4 ab 53.9 60.9 bc 55.5 c 109.4 
 NUEB104DE7 31.3 11 3.9 5.5 a 51.5 56.9 c 51.4 c 102.9 
 X12764HR 39.7 12 3.9 4.3 c 60.2 74.9 ab 70.5 ab 130.7 
  B73xLH51 35.7 10 4.9 4.1 c 54.3 80.5 a 76.4 a 130.7 
R5 Hybrid         
 2K757 28.9 ab 8.6 3.9 3.20 b 44.6 81.2 78.0 122.5 
 NUEB104XN2 28.7 ab 11.9 4.5 4.74 a 49.9 86.6 81.8 131.7 
 NUEB104DE7 26.1 b 11.0 4.3 4.88 a 46.3 76.9 72.0 118.3 
 X12764HR 33.4 a 9.9 3.4 3.32 b 50.0 89.4 86.1 136.2 
 B73xLH51 26.5 b 9.0 4.3 3.30 b 43.1 91.5 88.2 131.3 
R1R6 Hybrid                 
 2K757 14.7 12.1 4.2 bc 5.2 a 36.2 84.0 b 78.9 b 115.1 b 
 NUEB104XN2 13.5 11.2 3.2 c 5.4 a 33.3 77.3 b 72.0 b 105.3 b 
 NUEB104DE7 15.9 10.2 4.3 b 5.7 a 36.0 87.1 b 81.4 b 117.5 b 
 X12764HR 16.1 11.9 3.8 bc 4.0 b 35.6 87.0 b 83.0 b 118.6 b 
  B73xLH51 13.4 12.8 5.5 a 5.9 a 37.6 110.6 a 104.7 a 142.3 a 
R6 Hybrid                
 2K757 21.0 13.0 ab 4.3 ab 4.5 42.8 72.8 b 68.2 b 111.1 b 
 NUEB104XN2 21.3 11.4 b 3.6 c 4.9 41.0 74.8 b 70.0 b 111.0 b 
 NUEB104DE7 20.9 12.2 b 3.9 bc 4.8 41.7 68.5 b 63.6 b 105.4 b 
 X12764HR 22.4 12.9 ab 4.0 bc 4.2 43.5 74.4 b 70.1 b 113.6 b 
 B73xLH51 21.1 14.5 a 4.8 a 4.9 45.3 92.0 a 87.1 a 132.4 a 
* GS growth stage, Stover (STV) =leaf + stem + husk + cob, Ear =cob + kernel (KRN), TTL Total. 
 Within growth stages, means for each plant component with the same letter are not significantly different (p<0.05), also means without 
letters are not significantly different at p<0.05 T test (LSD). 





2.4.5 Nitrogen Harvest Index (NHI) and Grain Harvest Index (GHI) 
Table 2.10 illustrates the interaction of main N rate treatment and the hybrid sub-
treatment effects on NHI (kg kg-1) for combined means for two locations in 2013, and 
Table 2.11 shows single impacts of the N rates and hybrids on NHI for the ACRE site in 
2014. Table 2.12 demonstrates the N rate x hybrid interaction on GHI (kg kg-1) for both 
years (for the two combined locations in 2013 and one location in 2014). Additionally, 
Figure 2.3 illustrates a correlation between GHI and NHI at N rates in both years; the 
correlation between GHI and NHI for each hybrid at N rates in both years can be viewed 
in the Appendix on Figure B.2. 
In 2013, in the N rate x hybrid interaction for NHI (Table 2.10), hybrids 2, 3 and 
5 responded positively to the N treatment and increased NHI by ~ 4% from 0 to 112N. At 
both 0 and 112N treatments, NUE hybrids 2 and 3 did not differ among each other 
(within N rates) and resulted in the lowest NHI in comparison to the other hybrids; 
likewise hybrids 1, 4 and 5 did not differ in NHI within N rates. Overall, at 0N, NHI was 
~ 62% for NUE hybrids versus ~ 68% for the hybrids 1, 4 and 5, whereas at 112N, NHI 
increased to 65% for NUE hybrids and was ~ 69% for hybrids 1, 4 and 5. The lower ear 
DM and ear Nu for NUE hybrid 2 at the R1 stage seemed to be related to its lower NHI 




Table 2.10 Interaction effects on NHI for 2013. 
                 NHI (kg kg-1) 
Hybrid N rate (kg ha-1) 
0N 112N 
2K757 0.67 a 0.68 a 
NUEB104XN2 0.62 b 0.65 b* 
NUEB104DE7 0.60 b 0.65 b* 
X12764HR 0.69 a 0.68 a 
B73xLH51 0.67 a 0.70 a* 
AVG N rate 0.65 b 0.67 a 
 Within N rate, means with the same letter are not significantly different from each other (p<0.05) 
and asterisks represent significant difference across N rates at p<0.05 T test (LSD). 
For NHI in 2014, there were no significant N rate x hybrid interactions. When 
averaged across hybrids, N rate significantly increased NHI from 60 to 64%, respectively 
for 0 and 112N (Table 2.11). The old era hybrid 5 demonstrated the highest NHI (65%) 
among all hybrids, while the NUE hybrid 3 showed the lowest NHI (59%) among hybrids 
(Table 2.11). 
Table 2.11 N rate and hybrid impacts on NHI for 2014. 
Hybrid   NHI (kg kg-1) 
2K757 0.60 cd 
NUEB104XN2 0.62 b 
NUEB104DE7 0.59 d 
X12764HR 0.62 bc 
B73xLH51 0.65 a 
N rate 
(kg ha-1) 
0N 0.60 b 
112N 0.64 a 
 Within main effects, means with the same letter are not significantly different at p<0.05 T test 
(LSD). 
In 2013, GHI was affected by the N rate x hybrid interaction and only NUE 
hybrids 2, 3 and the old era hybrid 5 were significantly responsive to the N applied 
(Table 2.12). At 0N, NUE hybrids showed the lowest GHI (~ 41%) when compared to 




nevertheless demonstrated a larger gain in GHI (8%) from the 0 to 112N rate relative to 
the other hybrids.  
In 2014, GHI was also affected by N rate x hybrid interaction (Table 2.12). At 
0N, hybrids 4 and 5 had higher GHI, and NUE hybrids 2 and 3 resulted in the lowest GHI 
among all hybrids with 41 and 37%, respectively. At 112N, both NUE hybrids once again 
resulted in the lowest GHI (~ 45%) and hybrids 1, 4 and 5 had the highest GHI (~ 52%). 
Although all hybrids were responsive to the N rate, hybrid 1 had the largest incremental 
gain in GHI (~ 8%) from 0 to 112N, hybrid 3 increased GHI by 7% from 0 to 112N while 
the other hybrids had lower incremental gains in GHI (≤ 5%) with the 112N treatment 
(Table 2.12).  
Table 2.12 N rate and hybrid interaction effects on GHI in 2013 and 2014. 
Location Hybrids GHI (kg kg
-1) GHI gain 
0N 112N 




2K757 0.50 a 0.52 ab ns 
NUEB104XN2 0.42 b 0.50 bc* 0.08  
NUEB104DE7 0.40 b 0.48 c* 0.08  
X12764HR 0.51 a 0.51 abc ns      





    
2K757 0.45 b 0.53 a* 0.08 
NUEB104XN2 0.41 c 0.45 b* 0.04 
NUEB104DE7 0.37 d 0.44 b* 0.07 
X12764HR 0.47 a 0.51 a* 0.04 
B73xLH51 0.46 ab 0.51 a* 0.05 
 For each location, hybrid means within N rate with the same letter are not significantly different 
from each other (p<0.05) and asterisks represent significant difference across N rates at p<0.05 T 
test (LSD). 
Furthermore, regression analyses between GHI and NHI suggested that larger 
allocation of N to grain could be explained by higher biomass partitioning to the grain for 
the 0N rate than in 112N in 2013 (Fig. 2.3). When averaged across all hybrids, a strongly 




(r2=0.85), while the regression between GHI and NHI at 112N was lower (r2=0.38). In 
2014, GHI and NHI were poorly related (r2=0.36 and 0.16, respectively, for 0N and 
112N). A separate regression analysis for each hybrid can be viewed in the Appendix 
Figure B.2; these regressions also confirm that GHI and NHI were more associated at 0N 
than at 112N. The linear relationship between GHI and NHI at 0N was highest for hybrid 
1 (r2=0.93) and the old era hybrid 5 (r2=1), followed by hybrid 2 (r2= 0.72), and 
decreased for hybrid 3 (r2=0.50) and hybrid 4 (r2=0.51). One would anticipate high 
correlations between GHI and NHI because of the strong influence of DM on both. 
Although these correlations are not independent, they indicate trends that are useful. 
 
Figure 2.3 Relationship between grain harvest index (GHI) and N harvest index (NHI) for 
all five hybrids at N rates 0 and 112 kg N ha-1 in 2013 and 2014.  
Hybrid 1 (2K757) = blue, Hybrid 2 (NUEB104XN2) = green, Hybrid 3 (NUEB104DE7) = red, Hybrid 4 
(X12764HR) = yellow and hybrid 5 (B73xLH51) = purple.  
2.4.6 N Remobilization (Nrem) and Post Flowering N Uptake (postN)  
Table 2.13 illustrates the main N treatment and hybrid sub-treatment effects on N 




rate x hybrid interaction effects on Nrem and postN and Table 2.15 shows the impact of 
main and sub-treatment effects on N dynamics at R6 for ACRE 2014. 
In 2013, when averaged hybrids across N rates, both postN (kg ha-1) calculated as 
(total plant Nu at R6 minus total plant Nu at R1) and Nrem (kg ha-1) calculated as (total 
plant Nu at R1 minus stover Nu at R6) were lower at 0N than with the 112N treatment 
(Table 2.13). When averaged over both N rates, there was a significant hybrid effect for 
postN and Nrem accumulation; the NUE hybrid 2 and the old era hybrid 5 had higher 
post N uptake (postN) (52 and 41 kg ha-1, respectively) than hybrid 4 (17 kg ha-1) (Table 
2.13). On the other hand, for remobilized N (Nrem), NUE hybrid 3 and high yield hybrid 
4 were the highest in Nrem with (73 and 87 kg ha-1, respectively) and they did not differ 
from hybrids 1 and 5, and the lowest amount of remobilized N in the plant at maturity 
was observed for hybrid 2 with Nrem equal to 57 kg ha-1  (representing just 30% of the 
total N accumulated at R6) while for the other hybrids Nrem represented ~50% of the 
total N uptake at R6 (Table 2.13).  
When averaged over hybrid means between N rates, NremGr was higher at 0N 
than at 112N; but the contribution of the post N uptake to the grain N (postGrN) 
increased significantly with the 112N rate (Table 2.13). The NUE hybrid 2 had a more 
balanced distribution of remobilized N (~ 60%) and post N (~ 40%) contributing to the 
grain N (Table 2.13) than other hybrids. For example, hybrids 3 and 4 remobilized 
approximately 80% of total N accumulated in the grain, while NremGr was 
approximately 70% and postGrN was about 30% for hybrids 1 and 5. PostGrN was as 




Table 2.13 Hybrid and N rate impacts on N dynamics at maturity in 2013. 
Parameters measured included remobilized N (Nrem, kg ha-1), contribution of the remobilized N to the total 
Nu accumulated in the grain at the R6 stage (NremGr, kg kg-1), N remobilization efficiency (Nremf, 
kg kg- 1), proportion of the remobilized N of the total Nu (Nrem/TotalN, %), post flowering N uptake 
(PostN, kg ha-1), contribution of post flowering Nu to the total Nu accumulated in the grain at R6 (PostNGr, 
kg kg-1), ), proportion of the post Nu of the total Nu at R6 (PostN/TotalN, %). 
Main Effect Nrem NremGr Nremf Nrem/TotalN PostN PostNGr PostN/TotalN 
(kg ha-1) (kg kg-1) (kg kg-1) (%) (kg ha-1) (kg kg-1) (%) 
Hybrid        
2K757 72.7 ab 0.70 ab 0.59 a 47 37.4 ab 0.30 ab 24 
NUEB104XN2 56.5 b 0.57 b 0.48 b 34 51.9 a 0.43 a 32 
NUEB104DE7 73.2 a 0.79 a 0.57 a 47 30.3 ab 0.21 b 20 
X12764HR 87.4 a 0.83 a 0.65 a 61 17.3 b 0.17 b 12 
B73xLH51 71.7 ab 0.71 ab 0.60 a 45 40.9 a 0.29 ab 26 
N rate        
0 65.0 b 0.78 a 0.59 52 22.7 b 0.22 b 18 
112 79.6 a 0.67 b 0.56 43 48.4 a 0.33 a 26 
ANOVA        
N Rate ** * ns --- ** * --- 
Hybrid * * ** --- * * --- 
NR * Hybrid ns ns ns --- ns ns --- 
Ns = not significant, * = p< 0.05; ** = p< 0.01 T test (LSD). 
In 2014, the N rate x hybrid interaction effects on Nrem and postN (Table 2.14) 
was significant since at 0N hybrids did not differ among each other for both Nrem and 
PostN, while at 112N, hybrid 5 had more remobilized N and the smallest postN versus all 
other hybrids. At 112 N, hybrids 1 and 3 showed the highest postN (~30 kg ha-1) which 
was not significantly different from hybrids 2 and 4 (Table 2.14).  
Table 2.14 Interaction N rate x hybrid form Nrem and PostN in 2014. 
 Nrem (kg ha-1) Post N (kg ha-1) 
Hybrids 0N 112N 0N 112N 
2K757 24.5  70.1 b* 17.7  33.6 a 
NUEB104XN2 23.3  61.7 b* 18.0  25.7 ab 
NUEB104DE7 26.6  63.8 b* 10.8  29.0 a 
X12764HR 24.5  80.3 b* 30.2  11.6 ab 
B73xLH51 26.5  111.4 a* 31.4  5.0 b* 
 For each parameter, hybrid means within N rate with the same letter or no letter are not 
significantly different from each other (p<0.05) and asterisks represent significant difference 




In contrast to 2013, in 2014 NremGr was higher at 112N than at 0N (Table 2.15), 
while postNGr increased more at 0N than with 112N. In 2014, as in 2013, when averaged 
both N rates, hybrids accumulated more N to the grain from remobilized N (70%) than 
from post N uptake (30%). However, in 2014 there were no hybrid differences in 
quantities of NremGr or PostGrN and the proportion of Nrem and postN to the total Nu in 
the plant at R6 was fairly similar across years. In 2014 when averaged over all hybrids, 
Nrem was ~ 45% of the total N accumulated at R6 while post N was ~20% of the total 
Nu at R6. 
Table 2.15 Nitrogen rate and hybrid impacts on N dynamics at maturity in 2014. 
Parameters measured included remobilized N (Nrem, kg ha-1), contribution of the remobilized N to the total 
Nu accumulated in the grain at the R6 stage (NremGr, kg kg-1), N remobilization efficiency (Nremf, 
kg kg- 1), proportion of the remobilized N of the total Nu (Nrem/TotalN, %), post flowering N uptake 
(PostN, kg ha-1), contribution of post flowering Nu to the total Nu accumulated in the grain at R6 (PostNGr, 
kg kg-1), ), proportion of the post Nu of the total Nu at R6 (PostN/TotalN, %). 
Main Effect NremGr   Nremf Nrem/TotalN PostNGr PostN/TotalN 
 (kg kg-1)  (kg kg-1) (%) (kg kg-1) (%) 
Hybrid       
2K757 0.62  0.50 43 0.38 23 
NUEB104XN2 0.65  0.51 38 0.35 20 
NUEB104DE7 0.69  0.50 43 0.31 19 
X12764HR 0.67  0.51 46 0.33 18 
B73xLH51 0.71  0.58 52 0.29 14 
N rate       
0 0.55 b  0.45 b 33 0.45 a 27 
112 0.78 a  0.59 a 51 0.22 b 14 
ANOVA       
N Rate **  ** --- ** --- 
Hybrid ns  ns --- ns --- 
NR * Hybrid ns  ns --- ns --- 
Ns = not significant, * = p< 0.05; ** = p< 0.01 T test (LSD). 
Figure 2.4 illustrates the positive linear correlations between remobilized N and 
the total amount of N accumulated at R1 (r2=0.70) for 2013 and 2014 (r2=0.96). There 
was also a positive linear relationship between post N uptake and post DM for both 2013 




postN were not significantly correlated with each other in any of the years (data not 
shown). 
Figure 2.4 Correlation between remobilized N at R6 (Nrem) and total plant N uptake 
(Nu) at the R1 stage for all five hybrids at two N rates 0N and 112N in 2013 and 2014.  
Hybrid 1 (2K757) = blue, Hybrid 2 (NUEB104XN2) = green, Hybrid 3 (NUEB104DE7) = red, Hybrid 4 
(X12764HR) = yellow and hybrid 5 (B73xLH51) = purple. 0N = circle and 112N = triangle. 
 
Figure 2.5 Correlation between post flowering N uptake and post DM for all five hybrids 
on average of two N rates 0N and 112N in 2013 and 2014.  
Hybrid 1 (2K757) = blue, Hybrid 2 (NUEB104XN2) = green, Hybrid 3 (NUEB104DE7) = red, Hybrid 4 





2.4.7 Anthesis Silking Interval (ASI) 
In both years 2013 and 2014, ASI was significantly affected by N and hybrid 
treatments. Appendix Table B.10 illustrates N rate and hybrid effects on ASI for the 
combined means of two locations in 2013 and for ACRE in 2014.  
In both years ASI was elongated under N stress conditions (0N) (Table B.10). In 
2013, the NUE hybrid 3 had the longest ASI (although hybrid 3 was not significantly 
different from hybrids 2 and 5), while hybrid 1 had intermediate ASI (and also was not 
significantly different from the hybrids 2 and 5) and hybrid 4 had the smallest (negative) 
ASI among all hybrids. In 2014, hybrid 4 had a much larger negative ASI range than the 
previous year, indicating the tendency of this hybrid to extrude silks before tasseling is 
complete, NUE hybrids 2 and 3 and hybrid 5 had the widest ASI among all hybrids while 
hybrid 1 (with small ASI) was intermediate to other hybrids with a slight indication of 
silking formation before tasseling (Table B.10). 
 
2.4.8 Grain Yield and Its Components: Kernel Number (KN) and Kernel Weight (KW) 
In 2013, in the N rate x hybrid interaction (Fig. 2.6), there was more hybrid 
variation in KN at 0N than at 112N and the NUE hybrids were more negatively impacted 
at 0N than the other hybrids. At 0N, NUE hybrid 3 had the lowest KN (~320 kernels per 
plant). NUE hybrid 2 also had lower values (437 kernel per plant) while hybrid 5 with the 
highest KN was not significantly different than the high yield hybrids 1 and 4. At 112N, 
except for the old hybrid with the highest KN (644 kernels per plant), hybrids did not 




hybrids were significantly responsive to the N rate and both NUE hybrids demonstrated a 
larger gain with the N supplied than the other hybrids. 
 
Figure 2.6 N rate x hybrid interaction effects on kernel number (KN) per plant basis in 
2013. 
Error bars represent the standard error. Within N rate, means with the same letter are not significantly 
different from each other and asterisks represent significant difference across N rates (p<0.05) T test 
(LSD). 
In 2014, when averaged for both N rates (Figure 2.7), NUE hybrids had the 
lowest KN values while the old hybrid showed the highest KN in comparison to all other 
hybrids. Hybrids 1 and 4 showed intermediate values and were not significantly different. 
When averaged over all hybrids, KN increased from ~360 to 540 kernel per plant from 0 





Figure 2.7 Hybrid impacts on kernel number (KN) per plant basis averaged over N rates 
in 2014. 
Error bars represent the standard error. Means with different letter are significantly different from each 
other (p<0.05) T test (LSD). 
In both years, kernel weights (mg kernel-1, on a dry basis) were affected by the 
treatment factors and there were no N rate x hybrid interactions. When KW was averaged 
over 5 hybrids, KW increased from ~ 240 to 260 mg per kernel from 0 to 112N in 2013 
(p<0.05) (data not shown); likewise in 2014, KW increased from 205 to 243 mg per 
kernel with the 112N (p<0.05) (data not shown). Thus, Figure 2.8 illustrates the hybrid 
effects for KW when averaged over both N rates for 2013 (combined means for two 
locations) and for 2014 (for the ACRE site). In 2013, NUE hybrids 2 and 3 had 
significantly higher KW than the other hybrids while hybrids 1, 4 and 5 did not different 
from each other (Fig. 2.8). In 2014, hybrid 2 had the highest KW among all hybrids, with 






Figure 2.8 Hybrid impacts on kernel weight (KW) in 2013 and 2014. 
Hybrid means within year with the same letter are not significant different at p<0.05 t test (LSD). 
Figure 2.9 illustrates the N rate x hybrid interaction effects on hand harvested GY 
(at 15.5% moisture) in 2013 (combined means for two locations) and the main hybrid 
effects on GY in 2014 (for ACRE site). Additionally, the GY response for each location 
(ACRE and PPAC) in 2013 as well as GY values of each hybrid within N rates for ACRE 
in 2014 can be viewed in the Appendix Table B.12.  
In 2013, in the N rate x hybrid interaction effects on GY (Figure 2.9), NUE hybrid 
3 showed significant lower GY than all hybrids except for hybrid 2 at 0N while at 112N, 
GY of hybrid 2 was equivalent to that of 1, 3 and 5, but was significantly different from 
hybrid 4 with the lowest GY value. Except for hybrid 1, all hybrids in 2013 were 
significantly responsive to N rate and NUE hybrids showed the highest gain in GY from 




In 2014, there was no N rate x hybrid interaction for GY. When averaged over 
both N rates, NUE hybrids had the lowest GY relative to the other hybrids (Fig.2.10); GY 
for NUE hybrids 2 and 3 was 8000 kg ha-1 and 6700 kg ha-1, respectively. However, the 
high yield hybrids had GY ~ 9200 kg ha- 1 while the old era hybrid had the highest GY of 
approximately 10000 kg ha-1.  
Our results indicate that the GY potential of these genotypes, especially the NUE 
hybrids, may not be maximized because of resource limitations. This experiment was 
established with zero and moderate rates of N to observe the response of NUE hybrids 
under stressful conditions, and the low N rates clearly affected KN for the NUE hybrids 
in both years. However, KW was not affected by the low N rates (Fig. 2.8) and NUE 
hybrids achieved higher KW when compared to the other hybrids in both years, although 
hybrid 3 was not significantly different in KW from the old era hybrid 5 in 2014. 
 
Figure 2.9 N rate x hybrid interaction effects on grain yield (GY) for 2013. 
Error bars represent standard error. Within N rate, means with the same letter are not significant different at 





Figure 2.10 Hybrid impacts on grain yield (GY) for 2014. 
Error bars represent standard error. Means with the same letter are not significant different at p<0.05 t test 
(LSD).  
2.4.9 Leaf Component Measurements; LAI, SLN; SPAD and Senescence Ratio (SR)  
Table 2.16 shows the main treatment effects of all leaf measurements taken in 
2013 (combined means for two locations). Table 2.17 shows the corresponding main 
treatment effects for ACRE in 2014. Both treatment effects for leaf measurements were 
fairly consistent across growing seasons. For both years, the N rate significantly 
increased SPAD values in all growth stages, and from early season (SPAD V8 or V9) to 
late season (SPAD R5), the NUE hybrids 2 and 3 demonstrated significantly lower SPAD 




Table 2.16 N rate and hybrid impacts for physiological measurements in the leaf components at multiple development stages in 2013. 
 
Table 2.17 N rate and hybrid impacts for physiological measurements in the leaf components at multiple development stages in 2014. 

















2K757 3.0 b 3.2 bc 1.4 bc 116 55 a 52 a 48 ab 43 b 37 bc -0.3 a 
NUEB104XN2 3.6 a 3.6 a 1.2 c 112 48 c 46 b 43 c 39 d 35 c -0.2 ab 
NUEB104DE7 3.4 a 3.3 ab 1.3 c 110 48 c 45 b 43 c 40 cd 36 bc -0.2 b 
X12764HR 2.9 b 2.9 c 1.7 b 101 56 a 51 a 47 b 42 bc 40 b -0.2 ab 
B73xLH51 2.3 c 2.2 d 2.4 a 86 53 b 52 a 50 a 48 a 46 a -0.1 c 
N Rate (kg ha-1)           
0 2.7 b 2.8 b 1.1 b 105 48 b 43 b 37 b 31 b 27 b -0.3 a 
112 3.4 a 3.3 a 2.2 a 105 56 a 55 a 56 a 54 a 50 a -0.1 b 
ANOVA           
Nrate ** ** ** ns ** ** ** ** ** ** 
Hybrid ** ** ** ns ** ** ** ** ** ** 
Nr * Hyb * ns * ns ns * ns ns ns ns 
Ns= not significant, * = p< 0.05; **= p< 0.01 T test (LSD). 






















2K757 3.2 bc 3.6 c 3.0 1.9 133 51 a 46 ab 55 a 52 a 53 a 24 ab -0.6 ab 
NUEB104XN2 4.1 a  4.4 a 3.3 1.5 140 48 b 43 bc 47 bc 47 b 47 b 21 b -0.6 ab 
NUEB104DE7 3.7 ab 4.3 ab 3.0 1.6 136 47 b 42 c 46 c 46 b 48 b 30 a -0.4 c 
X12764HR 3.1 c 3.7 bc 3.0 1.9 121 52 a 47 a 54 a 52 a 53 a 31 a -0.5 bc 
B73xLH51 2.9 c 3.3 c 2.8 2.0 109 50 a 44 abc 49 b 53 a 53 a 17 b -0.7 a 
N Rate (kgha-1)              
0 3.3 b 3.7 3.0 1.6 b 127 48 b 42 b 47 b 45 b 45 b 18 b -0.6 a 
112 3.5 a 4.0 3.0 2.0 a 129 51 a 47 a 53 a 54 a 57 a 31 a -0.5 b 
ANOVA             
Nrate * ns ns ** ns ** ** ** ** ** ** ** 
Hybrid * ** ns ns ns ** * ** ** ** ** ** 




In 2014, there was a significant N rate x hybrid interaction for the SPAD 
measured at the V12 stage (Table 2.18). At both N rates, NUE hybrids showed 
significantly lower SPAD values than all other hybrids.  
Table 2.18 Interaction effects on SPAD at V12 stage in 2014. 
SPAD at V12 
Hybrid N rate (kg ha
-1) 
0 112 
2K757 44.3 a 60.0 a* 
NUEB104XN2 38.9 b 52.6 b* 
NUEB104DE7 41.0 b 49.6 bc* 
X12764HR 45.4 a 57.1 a* 
B73xLH51 45.5 a 58.6 a* 
 Within N rate, means with same letter are not significantly different between each other and 
asterisks represent significant difference across N rates at p<0.05 t test (LSD).  
The effects of treatments on the senescence ratio (SR) parameter between R1 and 
R5 stages in 2013 are presented in Table 2.16 and Fig. 2.11, while the SR changes 
between R1 and R4 stages in 2014 are shown in Table 2.17 and Fig. 2.12. As expected, 
SR was higher at 0N than with 112N in both years (Tables 2.16 and 2.17). In 2013, when 
averaged over both N rates (Table 2.16 and Fig. 2.11), the old era hybrid 5 senesced 
fastest with a more negative SR value (-0.70) while NUE hybrid 3 had the lowest 
senescence ratio (- 0.4). In 2014 (Table 2.17 and Fig. 2.12), hybrid 1 senesced fastest and 
the old hybrid had the lowest SR (-0.1) among all hybrids. These hybrid differences in 
SR across years, especially for the old era hybrid, may be also due to the SR calculation 





Figure 2.11 Hybrid impacts on senescence ratio (SR) for 2013. 
Hybrid means with the same letter are not significant different at p<0.05 T test (LSD).  
 
Figure 2.12 Hybrid impacts on senescence ratio (SR) for 2014.  
Hybrid means with the same letter are not significant different at p<0.05 T test (LSD).  
The NUE hybrids were significantly higher in LAI in comparison to all or most 
other hybrids at V15 and R1 stages in 2013 and at R1 and R3 stages in 2014 (Tables 2.16 
and 2.17). In 2013, N rate affected LAI only at the V15 stage. There were no significant 




increased LAI for both stages measured that year (only R1 and R3). Hybrids 1 and 4 had 
intermediate LAI while the old hybrid 5 had the lowest LAI in comparison to all hybrids 
at both R1 and R3 stages.  
Significant interactions of N rate x hybrid for leaf-specific parameters were 
evident at R1 stage in 2014 (Tables 2.19. and 2.20, respectively). NUE hybrids achieved 
the highest LAI values in comparison to the other hybrids in both N rates (Table 2.19). 
Hybrids 1, 2, and 3 were the only hybrids that responded positively in LAI to N rate. 
Table 2.19 Interaction effects on LAI at R1 stage in 2014. 
LAI (m2m-2) at R1 
Hybrid N rate (kg ha-1) 
0N 112N 
2K757 2.6 c 3.4 b* 
NUEB104XN2 3.1 a 4.2 a* 
NUEB104DE7 3.1 ab 3.8 ab* 
X12764HR 2.8 bc 3.0 c 
B73xLH51 2.1 d 2.5 d 
 Within N rate, means with same letter are not significantly different between each other and 
asterisks represent significant difference across N rates at p<0.05 t test (LSD).  
Additionally, using the LAI values at R1 stage it was possible to estimate the 
relative hybrid capacities in N content per unit leaf area, a term commonly referred to as 
specific leaf N (SLN, g N m-2), as well as hybrid specific leaf area per unit leaf weight 
(SLA, cm2 g-1). In 2013 (Table 2.16), there were no treatment effects on either SLN or 
SLA except that SLN increased with the 112N treatment. In 2014 (Table 2.17), SLN also 
increased with the 112N, and NUE hybrids were significantly lower in SLN relative to all 
other hybrids. There were no hybrid differences for SLA in 2014. For SLN all hybrids 




because at 0N hybrids did not differ among each other except for hybrid 5 (highest SLN), 
while at 112N, NUE hybrids resulted in lower SLN than other hybrids. 
Table 2.20 Interaction effects on SLN at R1 stage in 2014. 
SLN ( gNm-2) at R1 
Hybrid 
N rate (kg ha-1) 
0 112 
2K757 1.0 b 1.9 bc* 
NUEB104XN2 0.9 b 1.6 c* 
NUEB104DE7 1.0 b 1.7 c* 
X12764HR 1.2 ab 2.2 b* 
B73xLH51 1.4 a 3.3 a* 
 Within N rate, means with same letter are not significantly different between each other and 
asterisks represent significant difference across N rates at p<0.05 t test (LSD). 
2.4.10 Nitrogen Use Efficiencies: NUE, NIE and NRE 
Table 2.21 illustrates the hybrid impacts on NUE and its parameters (NIE and 
NRE) for both 2013 (combined means for two locations) and 2014 (ACRE site). The NIE 
parameter was calculated for each N rate separately. In 2013, hybrids differed only for 
NIE at 0N, and in 2014 hybrids differed for NIE at both 0N and 112N. In both years there 
were no significant hybrid differences for NRE (Table 2.21), but individual hybrid NRE 
values for each location in 2013 and 2014 can be viewed in Appendix Figure B.3.  
In 2013, NUE hybrids 2 and 3 demonstrated superior NUE values in comparison 
to the other hybrids (Table 2.21); hybrid 2 with a NUE of 41 kg kg-1 was not significantly 
different from hybrid 3 (43 kg kg-1) but higher than hybrids 1 (22 kg kg-1) , hybrid 4 
(11 kg kg- 1) and hybrid 5 (21 kg kg-1). Additionally, NUE hybrids resulted in the lowest 
coefficient of variance (CV of ~32 %) while hybrids 4 and 5 showed the highest CV 
(~92 %). Hybrid 4 had the highest NIE at 0N (82 kg kg-1) while hybrid 3 had the lowest 




hybrid 5 had intermediate NIE levels at 0N and differed only from hybrid 3. In this year, 
there was no significant hybrid differences for NIE at 112N with an average of 67 kg kg-1 
among all hybrids. Also, hybrids did not differ in NRE with ~52 kg kg-1 average across 
all hybrids. 
In 2014, NUE hybrids achieved similar values to 2013 (Table 2.21), but NUE 
hybrids no longer differed from hybrids 1, 4 and 5 because of higher NUE in 2014 (Table 
2.21). Hybrid 1 had the highest NUE (59 kg kg-1) and was not significantly different from 
the NUE hybrids 2 (46 kg kg-1) and hybrid 3 (45 kg kg-1) which did not differ from 
hybrids 4 and 5. For NIE, hybrids 1, 4 and 5 had significant higher NIE at 0N than both 
NUE hybrids and at 112N, both NUE hybrids were significantly lower in NIE112N than 
hybrid 1 which showed the highest NIE (82 kg kg-1) and did not differ from the old era 
hybrid 5 with NIE 68 kg kg-1. Overall NRE values were much higher in 2014 than in 




Table 2.21 Hybrid effects on N Use Efficiency (NUE), Nitrogen Recovery Efficiency 
(NRE), and Nitrogen Internal Efficiency (NIE) in 2013 and 2014.  
Year Hybrids 
NUE 










(kg GY  
kg Nu) 
NIE112N 
(kg GY  
kg Nu) 
2013 
2K757 21.9 b 52 0.50 78.7 ab 69.3 
NUEB104XN2 41.0 a 35 0.53 69.1 bc 68.8 
NUEB104DE7 43.2 a 31 0.59 66.6 c 65.1 
X12764HR 11.0 b 95 0.35 81.8 a 68.8 
B73xLH51 21.0 b 92 0.62 78.2 ab 63.2 
2014 
2K757 59.4 a 25 0.75 86.4 a 82.1 a 
NUEB104XN2 46.1 ab 25 0.70 75.2 b 70.5 bc 
NUEB104DE7 44.8 ab 19 0.71 65.4 c 64.0 c 
X12764HR 36.8 b 33 0.60 88.8 a 76.6 ab 
B73xLH51 32.7 b 57 0.62 89.7 a 68.4 bc 
 Within each year, means with the same letters are not significantly different between each other 
(p<0.05) and means with no letters are also not significant different at p<0.05 t test (LSD). 
2.4.11 Comparison of Total N Accumulation (Nu) and Proportional Labeled N Uptake 
(15Np) to Describe N Use between Hybrids Varying in NUE 
Periodic labeled N applications allowed accurate estimation of hybrid efficiency 
in N uptake at zero and moderate N supply throughout the season (Chapter 1). In this 
section, hybrid comparisons will be made (based on the average of two N rates (0 and 
112N) between total N uptake in plant components (Nu) that are given in Table 2.8 for 
2013 (for combined means from two locations) and Table 2.9 for 2014 (one location) 
with the proportional 15N uptake in plant components (15Np) in 2013 and 2014 (Appendix 
Tables A.1 and A.2, respectively). 
As previously indicated in Chapter 1 for the 2013 experiment (Table 1.2 and in 
Appendix Table A.1), plants with more stress due to N deficiency had larger 15Np 
accumulation in sink components after flowering period. Therefore, from R1 to the R4 




In 2013, when comparing the dynamics of the total N content (Nu) in plant 
components (Table 2.8 and Appendix Table B.5) with the proportional amount of 15N 
uptake allocated (15Np) to same plant parts (Table 1.2 and in Appendix Table A.1), 
treatment effects (N rate and hybrids) were more clearly separated by 15Np than by the 
total N uptake. At the Early R1 stage (50% silking), there were no treatment effects for 
total N content (Table 2.8 and Appendix Table B.5); however in this stage  a N rate x 
hybrid interaction was observed for the 15Np in the leaf components (Appendix Table 
A.3). The NUE hybrids showed somewhat, but not conclusive, greater efficiency in 
accumulating 15N in the leaves under low soil N availability (0N) and were the only 
hybrids that responded significantly to the base N rate. NUE hybrids significantly 
decreased 15Np to the leaves from 0 to 112N by 6 and 9%, respectively for hybrids 2 and 
3 (Appendix Table A.3). 
The only exception in the ear N trends between the two N analysis procedures 
was that hybrid 3 resulted in higher ear Nu (21 kg ha-1) than hybrid 2 with (15 kg ha-1) 
because of the higher ear DM for hybrid 3 than hybrid 2; however, these NUE hybrids 
did not differ in the proportional amount of 15N uptake (15Nu) to the ears (Appendix 
Table A.1). Also, when compared to the 3 other hybrids, both NUE hybrids showed no 
difference in rates of 15Np allocated to the ears from any of the hybrids, and the overall 
lowest 15Np was observed for hybrid 5 and the highest for hybrids 1 and 4. From the 
labeled N study we confirmed that lower ear Nu accumulation for hybrid 2 was explained 
by its smaller ear DM and, despite that, the NUE hybrid 2 efficiently took up ear N in the 




At the R5 stage (Appendix Table A.4), a tradeoff between the accumulation of 
15Np to specific organs was demonstrated by hybrids that responded significantly to the 
interaction (N rate x hybrid) for 15Np in the leaves (Table A.4.A); hybrids 4 and 5 
decreased 15Np to the leaves from 0 to 112N (Table A.4.A), but allocated the highest 
15Np to the kernels (Table A.4.B). At this stage, total Nu followed the same pattern of 
assimilation as the 15Np and the NUE hybrids 2 and 3 allocated similar amounts of 15N to 
the leaves and to kernels independent of the soil N availability (Table 2.8). 
In 2014, we learned that the bigger sample size (because of sampling 4 plants in 
2014 instead of 3 in 2013) permitted more detection of genotypic variation for the 
proportion of 15Np allocated in plant components at almost all growth stages (Table 1.3 
and Appendix Table A.2). Also, at V15, higher total Nu was confirmed in the stems for 
all hybrids except for NUE hybrid 2 (Table 2.9), while there was no significant difference 
among hybrids for the 15Np in the stems (Appendix Table A.2). The latter was because 
hybrid 2 had lower stem DM accumulation than the other hybrids during the stem 
elongation (Table 2.5), but all hybrids were actually taking up similar amounts of 15Np to 
the stems in that period, and stems once again proved to be a transitional source of N to 
the sink components (Appendix Table A.2). 
At the R1 stage in 2014, even though the old hybrid 5 presented the highest ear 
Nu (Table 2.9) it allocated the least amount of the recent 15Nu to ears (Appendix Table 
A.2), which indicates that the old era hybrid has lower sink power at flowering and relies 
more on N remobilization mechanism to meet the grain N demand. Also at R4, the lower 
kernel DM of NUE hybrids resulted in lower kernel Nu relative to other hybrids (Tables 




hybrids 1, 2, 3 and 4 were not different in amounts of 15N taken up to the ears (Table 
A.2). 
 Use of the pulse-labeled 15N demonstrated the N uptake rate of hybrids in lower 
N conditions and also emphasized the potential of hybrids with superior N uptake 
efficiency and differences in N allocation that can be masked by the hybrid biomass 
production in specific organs when N uptake determination is limited to total N in whole 
plants or plant components. 
 
2.5 Discussion 
Development of maize genotypes with a pronounced resource efficiency and 
responsiveness to N applied under stressful environments are crucial factors to improve 
yield and consequently to attain profitable and sustainable crop production.  As a result of 
higher NUE, modern hybrids display higher GY than old hybrids at similar N rates that 
used to be applied since 30 years ago and the prolonged grain filling period of modern 
hybrids provides more opportunity to increase plant N uptake during the growing season 
and decrease risk of N losses to the environment. Our research shows that pulse-labeled 
15N is a promising phenotyping strategy that, combined with comprehensive evaluation of 
physiological traits, enables differentiation of the N dynamics in maize plant components 
(especially leaves), and responsiveness to N of hybrids with different NUE potential in 
field research.  
Despite large research efforts to enhance crop NUE it is not yet possible to define 
the contribution of the two parameters NRE and NIE to maize hybrid NUE improvements 




Research has shown that NRE can be examined at either high or low N inputs, while NIE 
may be better estimated when plants are grown under low N rates (Mi et al., 2005). 
However, the latter statements are not entirely definitive. In our study, NUE hybrids 
verified their higher responsiveness to N rate and, therefore, NUE superiority in low N 
conditions. However, in both years we were unable to detect significant differences in 
NRE among genotypes even though our NRE values were similar to other studies. In our 
two year experiment, NRE substantially increased from 2013 (50%) to 2014 (~70%) and 
our results ranged below and above the world NRE average of 60% estimated at mean N 
rate of ~136 kg ha-1 (Liu et al., 2010). Because NRE increase is unlikely with higher 
fertilizer N rates and maize plants generally take up only half of the N provided it 
becomes even more difficult to improve NUE (Ciampitti and Vyn 2014). In agreement 
with our findings, Ciampitti and Vyn (2014) reported NRE of ~ 50% which was also 
equal to the world average NRE with the same N rate of 200 kg of N ha-1.  
Maize GY has improved mainly due to higher resource use capabilities of modern 
hybrids in accumulating N on a per unit area basis as well as with greater N internal 
efficiencies (Ciampitti and Vyn 2014). Previous studies (Bänziger et al., 1997; 
Presterl et al., 2002) found higher yield and N uptake under low N supply for hybrids 
characterized as having higher NUE in that era but no hybrid differences under higher N 
conditions and no differences between designated NUE hybrids at various N levels. 
Similar to our NUE results, in a study comparing plant tolerance to crowding, 
Boomsma et al. (2009) reported higher NUE ~ 40 kg kg-1 at a moderate N rate (165 kg ha-
1) when compared to much lower NUE ~20 kg kg-1 when N rates were above optimum 




NUE improvements between the US and the world; Ciampitti and Vyn (2014) registered 
high mean NUE values of 57 kg kg-1 with average N rate of 216 kg ha-1 which was 
similar to our values for the high yielding hybrid 1 with NUE (~59 kg kg-1) only in 2014. 
Moreover, the world average NUE (41 kg kg-1) at lower N rate 121 kg ha-1 was 
comparable to our values for the NUE hybrids in both years Ciampitti and Vyn (2014).  
Improvements in total N uptake, DM accumulation and GY are the mechanisms 
responsible for increasing NUE at low N conditions (Mi et al. 2005), and authors have 
also emphasized that higher N allocation to the grain is directly associated with NUE 
increase (Ciampitti and Vyn 2014). In this work, NUE hybrids did not necessarily 
outperform the other hybrids in any of the parameters previously mentioned. Average GY 
values at 0N treatment was ~9 Mg ha-1 (mean of two locations 2013) and 6 Mg ha-1 
(2014); that GY range is similar to that reported by Boomsma (2009) for the same 
location, plant density at 0N rate. We achieved similar GY values at 112N ~ 12 Mg ha-1 
for both years which are comparable to results reported from the same location by 
Ciampitti et al (2013b) with GY ~13 Mg ha-1 at moderate (112N) and higher N rates (224 
kg N ha-1).  
Therefore, the relatively higher NUE values for the NUE hybrids within our 
experimental conditions mainly originated from the higher gain in GY from 0 to 112N. 
Our intensive analysis of this GY gain with NUE hybrids was further investigated by 
combining 15N analysis with a comprehensive plant DM partitioning evaluation 
throughout the season.  
Several authors have previously indicated that improvements in GHI have been 




Ciampitti et al. (2011) showed similar or even lower GHI values (40 to 51%). In both 
years of our experiment the NUE hybrids showed relatively lower GHI for both N rates 
in comparison to the modern and old era hybrids; the GHI for NUE hybrids ranged from 
37 to 42% at 0N and from 44 to 50% at 112N, while the commercial hybrids and the old 
hybrid achieved a GHI range from 45% to 53%. An interesting finding that seemed to 
drive the relative superiority of the NUE hybrids in 2013 was the larger LAI at flowering 
period, and higher leaf DM responsiveness to the higher N rate later in the grain filling 
period plus a larger kernel weight at maturity relative to the other hybrids; these features 
enabled a larger gain of approximately 8% in GHI between the 0N and 112N rates. 
Moreover, our NUE hybrids did not show an increase in NHI when compared to 
the other hybrids. In 2013 we reported NHI of ~ 61% to 65% at 0 and 112N, respectively 
for the NUE hybrids, while the other hybrids averaged 68% for both N rates. Similarly, in 
2014, NUE hybrids reached maturity with a NHI of 60% while the other hybrids 
achieved a NHI near 62%. Our NHI values were in the same range, or higher in some 
cases, when compared to Ciampitti et al. (2013b) with NHI means of ~ 59 to 62% at 0N 
and 112N, respectively. 
The higher resource efficiency of modern hybrids apparently results from the 
maintenance of photosynthesis activity for longer period during the season with more 
stover DM accumulation and, consequently, higher N storage capacity until later in the 
season in comparison to old hybrids. Tollenar and Rajcan (1999) compared stay green 
hybrids with old era hybrids and affirmed that higher DM accumulation after silking was 
directly associated with leaf DM duration and that higher stover DM accumulation during 




hybrids showed higher stover DM and accumulated higher leaf DM at maturity; this DM 
dynamic was already observed at the R1 stage by the higher LAI values in NUE hybrids, 
followed by lower N accumulation per unit of leaf area (SLN) due to the N dilution 
process explained by Plenet and Lemaire (2000).  
Although SPAD chlorophyll meter readings have shown high correlations with 
plant N concentration (Schepers et al 1992; Martinez and Guiamet, 2004), our NUE 
hybrids showed the lowest SPAD at R1 relative to the other hybrids. From these results, 
it seems that SPAD is more appropriate as measurement of leaf color and  to help 
quantify leaf senescence rates because it does not ultimately estimate plant superiority in 
N dynamics like NUE. Banziger (1997) observed correlation of traits ASI, SPAD and 
leaf senescence with plants more tolerant to N deficits. Apparently, in our study, NUE 
hybrids suffered more than the high yield hybrids as with the lower N rates silking took 
place up to 4 days later than tasseling. Consequently, the NUE hybrids had larger ASI 
than the high yield hybrids, which agrees with Jacobs and Pearson (1991) observations of 
later silking and prolonged ASI with low N rates. The latter may explain the lower ear N 
accumulation of NUE hybrids at R1 in comparison to the high yield hybrids.  
A field-based plant evaluation is the key strategy to identify physiological traits that are 
responsible for improvements in GY and NUE (Ciampitti and Vyn 2012a; Donald 1968; 
and Fischer and Edmeades 2010). We observed that 15N worked as an indicator of N 
resource limitations and that 15N helped precisely estimate the extent to which plants take 
up N and how the partitioning of N was affected by the genotypes and N supply in 
different growth stages (also in Chapter 1). Through the use of 15N, Ma and Dwyer 




uptake with NUE improvements, and correlated the increase of hybrid NUE with higher 
leaf area. Likewise in our study, modern hybrids accumulated more postDM than the old 
era hybrid, and the superiority of the NUE hybrids was more correlated with its higher 
efficiency in allocating more N to the leaves for longer durations in the growing season 
(presumably maintaining leaf photosynthetic activity) and to “postpone” the allocation of 
N to grain to late growth stages while being highly responsive to the N supplied. 
Therefore, in comparison to the commercial and to the old era hybrids in this study, both 
hybrids with superior NUE potential showed prolonged leaf functionality and longevity 
and, thereafter, a higher source: sink ratio. 
 
2.6 Conclusions 
Evaluation of hybrids at low N conditions is of upmost importance to aid breeding 
programs to identify physiological traits that are related with more stress-tolerant crops 
with potential superiority in NUE. Using the labeled N it is possible to accurately 
differentiate the N originating from the in season fertilizer applied to the N from soil N 
indigenous pool and therefore to evaluate plant N allocation and response to the N 
supplied. Our results proved that implementation of high precision phenotypic evaluation 
is crucial to understand hybrid dynamics in DM accumulation and N uptake in response 
to the N supplied throughout the growing season, and to better understand hybrid 
differences in N source capacity and efficiency of N allocation to sink organs.  
The unique traits of the NUE hybrids was demonstrated by their larger stover DM 
accumulation from early in the season up to physiological maturity; NUE hybrids had 




hybrids were apparently more negatively impacted by the low N conditions with longer 
ASI and lower KN at maturity which may have resulted in ear-sink limitation, they did 
not always differ from the other hybrids in total Nu, total plant DM, postN and Nrem, and 
also showed a potential for a more balanced contribution from Nrem and postN to the 
grainNu at R6. NUE hybrids often had lower ear N contents due to its lower ear DM, and 
through the 15N analysis it was possible to confirm similar 15N uptake efficiency among 
all hybrids in the ear at R1 and to distinguish superior leaf 15N uptake rate of NUE 
hybrids up to the R5 stage.  
Our results indicated that DM and N dynamics in vegetative organs may help 
predict selection for genotypes with superior GY and NUE in low N environments. NUE 
hybrids proved to be responsive to the moderate N rate until late grain fill, with higher 
leaf N uptake activity and leaf longevity at low N inputs, and with higher kernel weight at 
maturity. The NUE hybrids showed larger GY and GHI incremental gains from 0 to 
112N.  
Field-based hybrid characterization at lower N conditions is appropriate to 
evaluate hybrid responses to N rate but it may not illustrate maximum yield potential and 
DM accumulation of hybrids. Future research efforts should be focused on even more 
comprehensive plant partitioning evaluation, focused on the N and DM dynamics of leaf 
components at multiple maize development stages, using 15N analysis to accurate 
estimate functional “stay green” and to better understand the source: sink patterns among 
genotypes that govern plant responsiveness to the N supplied and, thereafter, to 
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CHAPTER 3. GENERAL DISCUSSIONS 
3.1 Research Summary and Contributions to Science 
Through the injection of labeled N application into the soil near plant root zones 
at several maize development stages, the present study evaluated N dynamics of hybrids 
varying in NUE. The novel “pulse labeled” 15N application method was implemented as a 
more accurate field-based hybrid characterization for NUE and the 15N uptake analysis 
was integrated with a comprehensive investigation of maize physiology to evaluate the 
magnitudes by which diverse hybrids accumulate N during the season and how hybrids 
potentially varying in NUE differ in N allocation and biomass partitioning before and 
after the flowering period. We attempted to improve the scientific knowledge of the key 
factors that influence GY and NUE improvements.  
In Chapter 1 we addressed the fate of the recent 15N uptake in plant components 
and the preferential allocation of the 15N to leaves before the flowering period and to the 
reproductive organs after the silking period; plants recovered less 15N as the season 
progressed, and even at late R5 stage plants were still taking up N, recovering ~25% of 
the 15N applied and mainly allocating it to the kernels (~70%). Additionally, a “long 
term” approach with 15N demonstrated the ability of hybrids to recover about 45 and 70% 
of the total 15N fertilizer applied at R1 at 0 and 112N, respectively, and to accumulate 




more stressed because of N deficiency (0N) accumulated larger proportion of the 15Nu to 
the ears than at 112N and this dynamic was already observed at the R1 stage. In Chapter 
2 we examined morpho-physiological traits, mainly focused on leaf measurements such 
as LAI and SPAD, plus we used the 15N evaluation to differentiate hybrid proficiencies in 
responding to and accumulating N until late in the season.  
This study developed a comprehensive evaluation of maize hybrids physiological 
traits with the “pulse labeled” 15N examination in plant components at multiple 
development stages from which we learned that even though NUE hybrids may not yield 
more than other commercial hybrid checks of similar maturity (associated with lower KN 
in the low N environment), they demonstrated similar ear strength in Nu as the other 
hybrids at early reproductive stage with more balanced distribution of Nu in plants 
components during grain fill. Total Nu at maturity was not superior for the so-called 
NUE hybrids. 
The application of 15N at V15, R1 and R5 was crucial to understand how hybrids 
allocate N in plant components under N stress conditions before the period bracketing 
silking, during kernel set and during grain filling period. This 15N approach is a reliable 
method to estimate the fate of the recent N uptake in maize plants at specific growth 
stages in field trials and to measure plant N status during the season. The 15N approach 
reflected the management and environment interactions imposed and also demonstrated 
another valid approach to identify hybrid tolerance to N stress and hybrid responsiveness 
to low or intermediate N rates (e.g. 112N). Furthermore, through physiological analysis 




produce grain while they retain more leaf N later in the grain fill period. Our results 
indicated an opportunity to increase in GY and NUE in designated NUE hybrids using a 
balanced allocation of N to source and sink components and higher leaf DM with 
extended 15Nu allocation to leaf components even during the grain filling period. Some 
NUE hybrids may have the capacity for more whole plant Nu and DM, or for higher GHI 
and NHI values than the already common values near 50% for GHI and ~ 62-65% for 
NHI. Because NUE hybrids had continuous 15N uptake in the vegetative components 
during the entire season, the present phenotyping strategy may  assist development of 
more precise field-based  selection of genotypes highly responsive to N until late season 
with higher leaf N status (leading to higher “functional stay green”) and potentially 
higher NUE. 
Hence, the key contribution to agriculture, therefore, of this research was to 
explore a non-traditional phenotyping approach that could assist future field breeding and 
integrated N management research programs in development of hybrids and management 
systems that could help advance N use efficiency in maize. Furthermore, the precise 
documentation of 15N uptake during grain filling (even as late as the R5 stage) helps to 
address the relative recovery efficiencies of N fertilizers applied later in modern maize 
production systems. The topic of synchrony of mineral N availability with maize plant N 
uptake needs continued focus, and what was learned in this exploratory research may 





3.2 Implications to Agriculture 
Increasing plant resource efficiency is the key strategy that may well guarantee 
crops productivity under future climate circumstances. To this end, plants are not able to 
recover all the N available and intensive use of fertilizers will negatively impact the 
environment if not properly managed. Over the past decades grain yield (GY) has 
increased along with more whole-plant N uptake (Nu) per unit rate of nitrogen (N) 
applied; thus plants are using N more efficiently. Nitrogen Use Efficiency (NUE) is a 
very complex mechanism to approach, NUE is controlled by numerous quantitative genes 
and is therefore affected by various physiological traits. Previous studies have evaluated 
NUE in field grown maize plants based on the comparison of genotypes in GY response 
at various management conditions of N rates, plant density and water deficits, or through 
detailed evaluation of plant biomass and N accumulation over time at several N rates. 
However, in the latter approaches it is not possible to differentiate the source of N 
provided to the plants that are originating from the soil N indigenous pool or from the in-
season fertilizer applied, and little is known about how efficiently plants use the readily 
available N during the growing season. Our implementation of the novel “pulse-labeled” 
15N approach as a phenotyping strategy in field experiment comparisons of genotypes and 
N rates helped to improve the knowledge on allocation patterns and uptake efficiency of 
the recently applied 15N and, thereafter, to identify physiological traits in hybrids that are 
developed for potential superiority in NUE at low N rates. By precisely following the fate 
of the new 15N uptake and total N in plant components at each growth stage, we were 
able to better understand maize plant behavior and its preferential N accumulation to 




durations during reproductive growth than old hybrids, 15N monitoring precisely 
distinguished rates of N uptake at organ-specific and development-stage-specific levels 
and the extent to which hybrids varying in NUE responded to the N applied.  
3.3 Limitations of Research 
Isotopic N injection into root zones during multiple development stages is a 
valuable approach to provide more accurate information of N dynamics into the plants. 
However, high costs of 15N fertilizer together with laborious labeled sample analysis 
constrain this research approach in large field trials with potentially hundreds or 
thousands of genotypes. From the management practices viewpoint, the exclusive use of 
zero and moderate N rates imposed sufficient N stress to help differentiate hybrid 
responses to additional labeled N, but these low N rates also limited what could have 
been learned about N efficiencies over a full range of N rates. At agronomical optimum N 
rates, for example, hybrid differences in NUE may have been more or less pronounced. 
Higher N rates would have affected the potential of hybrids to increase DM 
accumulation, N uptake and consequently GY. Overall hybrid impacts on NUE would 
ideally be compared under a wide range of N rates. 
From the methodology perspective, several factors were considered when we 
established field experiments with labeled N. More attention was required for the 
experimental design to assure proper space in between the micro-plot plant zones 
receiving the 15N to avoid cross contamination among treatments, with appropriate border 
and plant density, because seed quantities were limited. Because of cost, very few plants 




the entire growing season. A higher plant number would have provided a better biomass 
estimate, and larger plots and harvest areas at maturity would have enabled a more 
precise grain yield estimation.  
In order to execute analysis on mass spectrometer and properly adjust the 
equipment, a skilled technical assistant was required at the Isotope Laboratory. Large 
labor input and careful sample handling to avoid sample cross contamination added to the 
cost of this research. In this study, detailed plant partitioning developed in various growth 
stage generated over 2500 plant tissue samples which increased the isotope analysis 
expenses. Although the high enrichment of the labeled N fertilizer implemented 
(98%at15N) assured accuracy, our expenses exceeded $45,000 only to purchase the 15N 
itself during the two years experiment. Therefore, because of the high costs of the 15N 
fertilizer and the complex lab analysis, few studies have been carried out in non-
controlled environments with highly enriched 15N fertilizer. Although this research may 
be the first to implement the “pulse labeled” technique in field trials, it is difficult to 
obtain long term investments required to expand this novel research approach.  
3.4 Future Research Suggestions 
The implementation of labeled N study targeted for hybrid evaluations in field 
grown maize requires an enhanced knowledge on G x E x M interactions and would also 
benefit from the collaboration of experts in crop physiology that understand the 
interaction of the isotopic element in the total N cycle in the soil-plant systems as well as 
management practices needed for the most instructive genotypic evaluations with respect 




promising growth stages to evaluate hybrid superiority in NUE and that high enrichment 
of the 15N fertilizer is crucial to improve accuracy of the results.  
Experimental approaches could be changed in future experiments, and several 
options are outlined for consideration below. The mass spectrometer analysis provided us 
reliable results; however, for field trials with 15N, total N and DM evaluations a minimum 
of 4 plants should be used for the biomass harvesting and possibly 10 plants as optimal 
amount. We also suggest a higher N rate to identify hybrid potential to maximize DM, 
Nu and GY under the target environmental conditions. Another option may be to impose 
different sources of stress (water deficits or higher plant density) and also measuring the 
potential kernel number (failure or abortion) around the flowering period (+- 1 week 
before and 2 weeks after R1) since NUE hybrids seemed to be more negatively affected 
during the kernel set period by the low N rates than the high yield hybrids in this hybrid 
comparison experiment. Adoption of more than one old era hybrid is also suggested since 
old hybrids can still be very robust in DM and Nu accumulation in comparison to modern 
hybrids. Although pulse labeling results over 4 to 6 day intervals were very illuminating, 
more use of longer-term 15N uptake evaluations are also potentially desirable. In this 
research study we identified the fate of the 15N in each plant component at multiple maize 
development stages and only in 2014 did we implement the “long term” 15N approach 
during the reproductive period (i.e. from R1 to R6).  
Ideally, future research should continue with the “pulse labeled” analysis but also 
implement a “long term” 15N evaluation with several harvest timings to better understand 
the overall N accumulation patterns of hybrids and the contribution of N sources (post 




V12, V15 and R1 stages and then harvested 5 days after the 15N application as well as at 
the R1, R5 and R6 stages. Because it was hypothesized that NUE hybrids differ in root 
architecture, we suggest root sampling at the V15, R1 and R5 growth stages to improve 
understanding of the whole N cycle in the below- and above-ground plant parts and also 
to compare the root: shoot ratio of hybrids varying in NUE.  
Several studies have estimated greenhouse gas emissions in agricultural systems; 
although the use of chambers installed in field experiments doesn’t allow plants to grow 
inside it fairly estimates N2O gas emitted by that crop and gas emission samples could be 
acquired each time 15N labeled plants are harvested. Moreover, research should continue 
focusing on the simultaneous N dynamics and physiological traits evaluations; our results 
focused on leaf measurements such as LAI, SPAD and SLN and SR that were strongly 
correlated with hybrids more responsive to N and superior in NUE.  
Research suggestions using the 15N can be endless due to the flexibility and 
reliability of 15N in field trials. It is unfortunate that private-sector and public-sector 
research budgets may severely constrain future discoveries in maize that involve 15N 





































 Supplementary Methodology Procedures, Tables and Figures from 
Chapter 1 
A.1 Isotope Lab Analysis 
Plant materials were analyzed in the Purdue Stable Isotope (PSI) Laboratory 
located in the Department of Earth and Atmospheric Sciences at Purdue University. This 
PSI lab was under the supervision of Prof. Dr. Timothy Filley.  
In this lab, meticulous cleaning was fundamental in order to avoid 15N cross 
contamination among samples. Using gloves, samples were prepared in ascending order 
from the smallest to the highest anticipated concentration of 15N in plant components. 
Every tool was repeatedly washed and rinsed at least three times, with soap and water, 
distilled water, followed by the solvent ethanol (Pure 190 proof, 95%), then dried before 
the preparation of the next sample. Distilled water was used to remove the 15N from the 
instruments and working surface, followed by ethanol, to eliminate the remaining grease 
from plant tissues in the instruments. The countertops were covered with aluminum foil 
which facilitated cleaning, and this foil was replaced after every plant component.  
For the subsampling process, 25% of the whole sample (coarse ground material) 
was transferred to glass vials with caps (28 x 57 mm 4 dram). This coarsely ground tissue 
was ground to a fine powder with a stainless steel mixer mill (Restch, Haan, Germany) 
for 60 seconds. Prior to mass spectrometry analysis, samples were weighed and placed on 
tin capsules. Weights varied per plant component and development stage from 1.5 to 4.0 
µg in 2013 and from 2.5 – 8.0 µg in 2014. Folded sample tins were placed into a plastic 
tray, labeled and identified with each weight recorded manually to correspond to the 




Total N concentration (Nc) and delta 15N (δ15N) were determined by combustion 
of the plant material in a Carlo Erba EA1108 C/N Elemental Analyzer (EA) (Sercon Ltd, 
Crewe, UK) coupled to 20 - 22 Stable Isotope-ratio Continuous Flow Mass Spectrometer 
(IRMS) calibrated for measuring N. 
 
A.2 Mass Spectrometry N Analysis 
In order to acquire an effective and precise isotopic evaluation it is crucial to 
avoid 15N cross-contamination during the sample preparation. To ensure there was no 15N 
residue in the chopping or coarse grinding process, a cross contamination test was 
developed at the Agronomy Department using unlabeled plants harvested at the R4 and 
R5 stages. Unlabeled samples were ground before and after grinding a labeled material. 
As per the usual procedure, the plant sample grinder was cleaned with a paint brush to 
remove residues remaining in the blades and vacuumed for removal of the small particles. 
The unlabeled intermediate-stage samples were analyzed in the Isotope Lab in the mass 
spec and confirmed the absence of 15N carryover in the chopping or coarse grinding 
process.  
In the Isotope Laboratory all instruments utilized for labeled analysis were 
carefully adjusted and calibrated. The inside combustion tubes and quartz liners in the 
Carlo Erba EA 1108 Elemental Analyzer were always verified prior to sample 
examination due to the possible mineral deposition from previous analysis. In the flash 
combustion procedure, the total N in plant tissues was converted to gas molecules N2 
through a sequential combustion (1050°C) and reduction (680 °C). In this process a 




and quantify the relative proportion of 14N14N (with atomic mass equal to 28), 14N 15N 
(29) and 15N15N (30). Alteration in atomic masses of the N elements enabled the ions 
estimation by their mass ratio. The isotopic ratio of the reference standards (NIST 1547 
Peach Leaf) were used to calculate the 15N abundance in the plant samples. Calibration 
lines were built for each run in the mass spec through the regression analysis of the beam 
area with its relative sample weight (µg) to finally provide total N concentration (Nc) and 
the proportional amount of 15N and 14N were determined for each individual sample. If 
for any technical reason a value fell outside the calibration range, the samples were 
reweighed and reanalyzed.  
The continuous flow mass spectrometry enabled evaluation of several highly 
enriched samples at a time (50) including blanks and standards, evaluating ~15 samples 
per hour. Samples were dropped individually into loading trays and completely isolated 
from each other in the combustion tubes. Throughout each run in the IRMS blank 
samples were interspersed after every three labeled samples to insure no 15N carry over. 
Delta15N represented the proportional amount of isotopic N in parts per mil (δ15N ‰) in 
the sample relative to an international isotope standard of Air (0.3663 %) (Shearer and 
Kohl 1986). To further improve the precision of analysis in the IRMS, three reference 
standards were used in the isotope lab; peach tree leaves (NIST1547) containing 
2.84 14N + 1.36 δ15N‰ units relative to N2, USGS41 1.15 14N + 47.57 δ15N‰, and an in-
house reference standard consisting of 15N - enriched maple tree leaves with 
1.73 14N + 162 δ15N‰.  
Comparisons between identical samples with different weights, 4 or 8 µg, proved 




while maintaining consistent total Nc values in the samples. For this reason, sample 
weights varied somewhat per plant component and development stage. Heavier samples 
were necessary for plant components containing lower Nc especially at late - season 
sampling times. For example, with stems, husks and cobs (~ 0.35% Nc) at late season, 
samples sizes were up to 4 µg in 2013 and 8 µg in 2014. Because of the considerable 
amount of N present in the leaves (~ 0.8 to 3% Nc) and kernels (~ 1% Nc) throughout the 
season, leaf and kernel sample weights were held consistent across years. Leaf weight 
samples increased from 1.5 to 3 µg as the season progressed and kernels were weighed to 
about 2.5 µg. In 2013 plants received a higher dose of 15N fertilizer than in 2014 (3.2 to 
2.1 kg of 15N ha-1, respectively), which required larger sample weights for the low N 
components (stem, husk and cob) in 2014.  
Several authors have confirmed the estimation of isotope ratio to accurately 
quantify 15N abundance rather than the direct evaluation of absolute isotope values 
(Hoefs 2009; Fry 2006). Hayes 2002 stated that long-term isotopic instability may affect 
absolute values, but that the isotope ratio remains constant. The latter verifies the isotope 
ratio approach (IR=15N/14N) as an accurate method to estimate total N concentration (Nc) 
and 15N abundance (δ15N) in mass spectrometry analysis. Therefore, the mass 
spectrometry analysis proved to be a reliable method to quantify labeled or non-labeled N 





Fry, B., 2006. Stable isotopes in ecology. Springer, New York. Ecology, 88(3):802. 
Hayes, J. M. 1982. Fractionation et al.: An introduction to isotopic measurements and 
terminology. Spectra. 8:3-8. 
Hoefs, J. 2009. Stable isotope geochemistry. Mercury. Vol. 46. Doi:10.1180/minmag. 
1982.046.338.35. 
Shearer, G., and D.H. Kohl. (1986). N2-fixation in field settings: Estimations based on 





Table A.1. Hybrid effects on 15N uptake and its associated parameters at multiple development stages before and after the 
flowering period in 2013. 
Parameters include 15N uptake (15Nu, kg ha-1) and proportional allocation of 15N uptake (15Np, kg kg-1) in plant components total 15N uptake (TTL 15Nu, 
kg ha-1), 15N fertilizer recovery (15Nrec, kg kg-1 15N applied) on average of two N rates (0 and 112 kg N ha-1).  
















V14 Hybrid         
  2K757 0.47 0.46 ---- 0.93 ab 0.29 ab 0.52 0.48 ---- 
 NUEB104XN2 0.43 0.33 ---- 0.76 c 0.24 c 0.57 0.43 ---- 
  NUEB104DE7 0.43 0.45 ---- 0.88 abc 0.27 abc 0.50 0.50 ---- 
  X12764HR 0.53 0.47 ---- 1.00 a 0.31 a 0.53 0.47 ---- 
  B73xLH51 0.47 0.38 ---- 0.85 bc 0.27 bc 0.56 0.44 ---- 
 AOV N Rate ns ** ---- ** ** ns ns ---- 
  Hybrid ns ns ---- * * ns ns ---- 
  NR * Hybrid ns ns ---- ns ns ns ns ---- 
V16 Hybrid         
  2K757 0.69 0.41 0.20 1.33 0.42 abc 0.51 0.32 0.15 
 NUEB104XN2 0.65 0.46 0.19 1.29 0.41 c 0.49 0.36 0.15 
  NUEB104DE7 0.64 0.45 0.21 1.33 0.42 bc 0.48 0.36 0.15 
  X12764HR 0.71 0.49 0.22 1.46 0.46 ab 0.48 0.34 0.15 
 B73xLH51 0.75 0.50 0.22 1.47 0.46 a 0.50 0.35 0.15 
 AOV N Rate * ** ns ** * ns ** * 
  Hybrid ns ns ns ns * ns ns ns 
  NR * Hybrid ns ns ns ns ns ns ns ns 
ER1 Hybrid         
 2K757 0.61 0.46 0.17 1.24 0.40 0.47 0.36 0.14 
 NUEB104XN2 0.56 0.43 0.15 1.15 0.36 0.49 0.37 0.14 
 NUEB104DE7 0.53 0.42 0.18 1.13 0.37 0.46 0.36 0.15 
 X12764HR 0.60 0.45 0.20 1.25 0.42 0.45 0.34 0.15 
 B73xLH51 0.63 0.48 0.19 1.31 0.41 0.49 0.37 0.14 
 AOV N Rate ns ** ns ns ns * ** ** 
 Hybrid ns ns ns ns ns ns ns ns 





Continued Table A.1. Hybrid effects on 15N uptake and its associated parameters at multiple development stages before and after 
the flowering period in 2013. 
































R1 Hybrid            
 2K757 0.42 0.25 0.10 bc 0.77 ab 0.28 a 1.05 bc 0.33 bc 0.40 0.23 0.10 0.27 a 
 NUEB104XN2 0.38 0.23 0.09 c 0.71 b 0.22 b 0.93 c 0.29 c 0.41 0.25 0.10 0.24 ab 
 NUEB104DE7 0.44 0.27 0.10 abc 0.82 a 0.23 a 1.09 ab 0.34 ab 0.40 0.25 0.10 0.25 ab 
 X12764HR 0.47 0.27 0.12 a 0.87 a 0.32 a 1.19 a 0.38 a 0.40 0.23 0.11 0.27 a 
 B73xLH51 0.42 0.25 0.12 ab 0.79 ab 0.22 b 1.01 bc 0.32 bc 0.42 0.25 0.12 0.21 b 
AOV N Rate ** ** ns ** ** * * ** ** ns ** 
 Hybrid ns ns * * ** ** ** ns ns ns * 
  NR * Hybrid ns ns ns ns ns ns ns ns ns ns ns 
R2 Hybrid            
 2K757 0.33 b 0.21 0.07 0.32 0.62 0.94 0.3 0.35 0.22 0.08 0.34 
 NUEB104XN2 0.33 b 0.18 0.11 0.26 0.63 0.89 0.28 0.37 0.22 0.12 0.29 
  NUEB104DE7 0.39 a 0.21 0.08 0.32 0.68 1.0 0.31 0.38 0.21 0.09 0.32 
  X12764HR 0.39 a 0.20 0.09 0.31 0.68 0.99 0.31 0.39 0.21 0.09 0.31 
  B73xLH51 0.38 ab 0.24 0.09 0.29 0.71 1.0 0.32 0.38 0.23 0.09 0.29 
AOV N Rate ** ** ns ns ** ** ** ** ** * ** 
  Hybrid * ns ns ns ns ns ns ns ns ns ns 
  NR * Hybrid ns ns ns ns ns ns ns ns ns ns ns 
R4 Hybrid             
 2K757 0.27 0.11 0.02 0.47 0.40 0.87 0.28 0.30 0.13 0.03 b 0.54 
 NUEB104XN2 0.28 0.12 0.03 0.47 0.43 0.90 0.28 0.30 0.14 0.03 b 0.53 
 NUEB104DE7 0.28 0.12 0.03 0.48 0.43 0.91 0.29 0.30 0.13 0.04 a 0.53 
 X12764HR 0.32 0.12 0.03 0.53 0.47 1.00 0.31 0.31 0.13 0.03 b 0.54 
 B73xLH51 0.26 0.13 0.03 0.54 0.41 0.96 0.30 0.26 0.14 0.03 b 0.57 
AOV N Rate ** ** ** ** ** ** ** ** ns ns ** 
 Hybrid ns ns ns ns ns ns ns ns ns ** ns 





Continued Table A.1. Hybrid effects on 15N uptake and its associated parameters at multiple development stages before and after 
the flowering period in 2013. 




























































R5 Hybrid                  
 2K757 0.12 0.07 0.01 0.51 0.02  c 0.49 0.21 0.72 0.23 0.16 0.10 0.02 ab 0.71 0.03bc 0.69 a 
 NUEB104XN2 0.12 0.08 0.01 0.50 0.03 b 0.47 0.22 0.71 0.22 0.16 0.12 0.02 ab 0.69 0.04 b 0.66 b 
 NUEB104DE7 0.13 0.08 0.02 0.51 0.03 a  0.48 0.23 0.74 0.23 0.18 0.10 0.03 a 0.69 0.05a 0.65 b 
 X12764HR 0.13 0.07 0.01 0.55 0.02 c 0.53 0.21 0.76 0.24 0.17 0.09 0.02 b 0.72 0.03 c 0.70 a 
 B73xLH51 0.12 0.08 0.01 0.54 0.02 bc 0.52 0.21 0.75 0.24 0.16 0.11 0.02 ab 0.72 0.03c 0.69 a 
AOV NR ** ** ** ** ** ** ** ** ** ns ns ns * ** ** 
 Hybrid ns ns ns ns ** ns ns ns ns ns ns * ns ** ** 
 NR * Hybrid ns ns ns ns ns ns ns ns ns * ns ns ns ns ns 
Ns, not significant; * = p<0.05; ** = p<0.01 T test (LSD). 
 GS, growth stage; LVS, Leaf; STM Stem; HSK Husk; Ear= Cob + Kernel (KRN); STV Stover (leaf + stem + husk + cob); TTL= Total. 
 Growth stages represent means of two locations (ACRE and PPAC) with the exception of V14 stage (only PPAC location) and Early R1 (ER1) 






Table A.2. Hybrid effects on 15N uptake and its associated parameters at multiple development stages before and after the 
flowering period in 2014. 
Parameters include 15N uptake (15Nu, kg ha-1) and proportional allocation of 15N uptake (15Np, kg kg-1) in plant components total 15N uptake (TTL 15Nu, kg 
ha-1), 15N fertilizer recovery (15Nrec, kg kg-1 15N applied) on average of two N rates (0 and 112 kg N ha-1). 




















V15 Hybrid       
  2K757 0.38 0.36 a 0.77 0.37 0.49 c 0.47 
 NUEB104XN2 0.37 0.26 b 0.63 0.30 0.59 a 0.41 
  NUEB104DE7 0.36 0.33 a 0.70 0.33 0.51 bc 0.47 
  X12764HR 0.41 0.35 a 0.76 0.36 0.54 abc 0.46 
  B73xLH51 0.40 0.30 ab 0.72 0.34 0.56 ab 0.42 
 AOV N Rate ** ** ** ** ns ns 
  Hybrid ns * ns ns * ns 
  NR * Hybrid ns ns ns ns ns ns 
 

































R1 Hybrid                       
  2K757 0.26 0.18 0.08 0.52 0.18 a 0.70 0.33 0.35 b 0.26 0.13 0.26 a 
 NUEB104XN2 0.25 0.19 0.08 0.53 0.13 b 0.65 0.31 0.38 b 0.30 0.13 0.19 cd  
  NUEB104DE7 0.25 0.16 0.09 0.49 0.13 b 0.62 0.29 0.39 b  0.25 0.14 0.21 bc 
  X12764HR 0.28 0.17 0.09 0.54 0.17 a 0.71 0.34 0.39 b  0.23 0.13 0.24 ab 
  B73xLH51 0.29 0.17 0.07 0.54 0.11 b 0.65 0.31 0.45 a 0.25 0.13 0.17 d 
 AOV N Rate ** ** ** ** ** ** ** ** ns ** ns 
  Hybrid ns ns ns ns ** ns ns ** ns ns ** 






Continued Table A.2. Hybrid effect on 15N uptake and its associated parameters at multiple development stages before and after 
the flowering period in 2014. 

































R2 Hybrid                       
  2K757 0.21 0.11 c 0.060 ab 0.38 bc 0.36 a 0.74 b 0.35 b 0.27 0.16 c 0.08 b 0.49 a 
 NUEB104XN2 0.21 0.12 bc 0.065 a 0.40 abc 0.29 b 0.68 bc 0.32 bc 0.30 0.18 ab 0.10 a 0.41 bc 
  NUEB104DE7 0.25 0.14 ab 0.068 a 0.46 ab 0.29 b 0.74 b 0.35 b 0.33 0.19 a 0.10 a 0.38 c 
  X12764HR 0.27 0.15 a 0.063 a 0.48 a 0.40 a 0.88 a 0.42 a 0.30 0.17 bc 0.08 b 0.45 ab 
  B73xLH51 0.20 0.09 d 0.045 b 0.33 c 0.26 b 0.60 c 0.28 c 0.32 0.15 c 0.08 b 0.45 ab 
 AOV N Rate ** ** ** ** ** ** ** ** ** ** ns 
  Hybrid ns ** * * ** ** ** ns ** * ** 
  NR * Hybrid ns ns ns ns ns ns ns ns ns ns ns 
 




























































R4 Hybrid                
  2K757 0.15 0.08 0.02 0.27 0.34 0.02b 0.31 0.59 0.28 0.26a 0.14 a 0.03bc 0.57b 0.04b 0.53b 
 NUEB104XN2 0.15 0.07 0.02 0.26 0.35 0.03a 0.32 0.58 0.27 0.25a 0.13 a 0.03bc 0.59b 0.05a 0.54b 
  NUEB104DE7 0.13 0.07 0.02 0.25 0.33 0.03a 0.30 0.55 0.26 0.24ab 0.14 a 0.03ab 0.60b 0.06a 0.54b 
  X12764HR 0.18 0.09 0.02 0.30 0.39 0.02b 0.37 0.67 0.32 0.26a 0.14 a 0.02 c 0.58b 0.03b 0.55b 
  B73xLH51 0.15 0.06 0.02 0.25 0.40 0.02b 0.38 0.63 0.30 0.23b 0.10 b 0.04 a 0.64a 0.03b 0.61a 
 AOV N Rate ** * ** ** ** ** ** ** ** ** ** ns ns ** ns 
  Hybrid ns ns ns ns ns ** ns ns ns * * ** ** ** ** 






Continued Table A.2. Hybrid effect on 15N uptake and its associated parameters at multiple development stages before and after 
the flowering period in 2014. 




























































R5 Hybrid  
  2K757 0.12 b 0.05 0.02 0.20 0.35 0.01b 0.33 0.53 0.25 0.21a 0.11 0.03 0.65 bc 0.03cd 0.62 
 NUEB104XN2 0.12 b 0.07 0.02 0.23 0.41 0.02a 0.39 0.61 0.29 0.19b 0.11 0.03 0.67 ab 0.04 b 0.63 
  NUEB104DE7 0.10 b 0.06 0.02 0.21 0.37 0.02a 0.34 0.55 0.26 0.19b 0.11 0.04 0.67abc 0.05 a 0.62 
  X12764HR 0.14 a 0.06 0.02 0.23 0.39 0.01b 0.38 0.61 0.29 0.22a 0.11 0.03 0.64 c 0.02 d 0.62 
  B73xLH51 0.10 b 0.05 0.02 0.18 0.38 0.01b 0.37 0.55 0.26 0.19b 0.10 0.03 0.69 a 0.03 c 0.66 
 AOV N Rate ** * ** ** ** ** ** ** ** ** ** * * ** ** 
  Hybrid ** ns ns ns ns ** ns ns ns ** ns ns * ** ns 
  NR * Hybrid ns * ns ns ns ns ns ns ns * ns ns ns * ns 
 




























































R1R6 Hybrid                
  2K757 0.09 0.09 0.040 0.29 1.06 0.08 ab 0.99 1.28 0.60 0.07 a 0.07 0.03 0.83 0.06 ab 0.77 
 NUEB104XN2 0.08 0.08 0.040 0.27 0.90 0.07 ab 0.82 1.10 0.52 0.07 a 0.07 0.04 0.82 0.07 a 0.75 
  NUEB104DE7 0.10 0.07 0.047 0.29 1.02 0.08 a 0.94 1.23 0.58 0.07 a 0.06 0.04 0.83 0.07 a 0.76 
  X12764HR 0.11 0.09 0.038 0.29 1.07 0.06 c 1.02 1.31 0.62 0.08 a 0.07 0.03 0.82 0.04 c 0.78 
  B73xLH51 0.08 0.08 0.045 0.27 1.11 0.07 bc 1.05 1.32 0.62 0.06 b 0.07 0.04 0.84 0.05 bc 0.79 
 AOV N Rate ** ** ns ** * ns ** ** ** ** ns ** ns ** ** 
  Hybrid ns ns ns ns ns * ns ns ns * ns ns ns ** ns 
  NR * Hybrid ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 
Ns, not significant; * = p<0.05; ** = p<0.01 T test (LSD). 
 GS, growth stage; LVS, Leaf; STM Stem; HSK Husk; Ear= Cob + Kernel (KRN); STV Stover (leaf + stem + husk + cob); TTL= Total. 




Table A.3. N rate x hybrid interaction effects on leaf 15Np (kg kg-1) at the Early R1 stage 
in 2013. 
 
 Hybrid 0N 112N 
2K757 0.47  bc 0.48  a 
NUEB104XN2 0.52 a 0.46  ab* 
NUEB104DE7 0.51  ab 0.42  b * 
X12764HR 0.45  c 0.45  ab 
B73xLH51 0.49 abc 0.48  a 
 Within N rate, means with the same letter are not significantly different (p<0.05) T test (LSD). 
Asterisks *; represents significant difference across N rate.  
Table A.4. N rate x hybrid interaction effects on leaf 15Np (A), and hybrid effects on 
kernel 15Np (B) at the R5 stage in 2013. 
Table A.4.A. Interaction effects 15Np in the leaves (kg kg-1). 
  A. Hybrid 0N 112N 
2K757 0.15 b 0.17 ab 
NUEB104XN2 0.16 ab 0.17 abc 
NUEB104DE7 0.18 ab 0.18 a 
X12764HR 0.18 a  0.16 abc* 
B73xLH51 0.17 ab  0.14  c* 
 Within N rate, means with the same letter are not significantly different (p<0.05) T test (LSD). 
Asterisks *; represents significant difference across N rate.  
Table A.4.B. Hybrid impacts on kernel 15Np (kg kg-1) in 2013. 
B. Hybrid kernel 15Np 
(kgkg-1) 
2K757 0.69 a 
NUEB104XN2 0.66 b 
NUEB104DE7 0.65 b 
X12764HR 0.70 a 
B73xLH51 0.69 a 
 Means with the same letter are not significantly different (p<0.05) T test (LSD).  Average of N 
rates (0 and 112 kg N ha-1). 
Table A.5. N rate x hybrid interaction effects on leaf 15Np (kg kg-1) at the R5 stage in 
2014.  
 Hybrid 0N 112N 
2K757 0.18 ab* 0.24 a 
NUEB104XN2 0.17 b* 0.19 b 
NUEB104DE7 0.18 ab 0.19 b 
X12764HR 0.20 a* 0.25 a 
B73xLH51 0.19 ab 0.19 b 
 Within N rate, means with the same letter are not significantly different (p<0.05) T test (LSD). 




Table A.6. Hybrid impacts on 15N dynamics at grain maturity (R6 stage) following 15N 
application at the silking period (R1 stage) in 2014. 
Parameters measured included remobilized 15N (15Nrem, kg ha-1), contribution of the 15N remobilized to the 
total 15Nu accumulated in the grain at the R6 stage (15NremGr, kg kg- 1), post flowering 15N uptake 
(Post15Nu, kg ha-1), and contribution of post flowering 15Nu to the total 15Nu accumulated in the grain at R6 










2K757 0.41 0.41 0.58 0.60 
B73XLH51 0.37 0.34 0.67 0.66 
NUEB104DE7 0.33 0.34 0.61 0.66 
NUEB104XN2 0.38 0.43 0.45 0.57 
X12764HR 0.42 0.40 0.60 0.60 
ANOVA     
Hybrid ns ns ns ns 
NR*Hybrid ns ns ns ns 
Ns, not significant; * = p<0.05; ** = p<0.01 T test (LSD). 
Note: Data is from the duplicate R1R6 microplots after the application of 15N fertilizer (2.12 kg 15N ha-1) at 
silking period (R1).  
 
Figure A.1 Total aboveground plant 15N recovery (15Nrec) per growth stage at 0N and 
112N in 2013. 
Error bars represent standard error. Values are the means of five hybrids and two locations in Indiana 





Figure A.2 Total aboveground plant 15N recovery (15Nrec) per growth stage at 0N and 
112N in 2014. 
Error bars represent standard error. Values are the means of five hybrids and one location in Indiana 
(ACRE). Total 15N applied per growth stage was equal to 2.12 kg 15N ha-1.  
 
Figure A.3 Partitioning of the 15N uptake (15Nu) for each hybrid at the R1 and R6 growth 
stage (R1R6) at 0N and 112N in 2014. 
Values are the means of one location in Indiana (ACRE). Total 15N applied per growth stage was equal to 





Figure A.4 Effects of growth stages on total 15N uptake rate per day (15Nu, kg ha-1 day-1) on average of N rates in 2013 and 2014.  
Values are the means each location (ACRE13 and PPAC) in 2013, and one location in Indiana (ACRE14) in 2014. Total 15N applied per growth stage was 






 Supplementary Tables and Figures from Chapter 2 
Table B.1 Effects of the overall sidedress N rate on the total aboveground plant biomass (DM) 
per unit area (kg ha-1) at multiple development stages in 2013 
GS Main Effect 
LEAF 
DM 










V6 N rate         
 0 447 a 211     --- 658 
  112 398 b 198     --- 596 
 N Rate * ns     --- ns 
  NR * Hybrid ns ns     --- ns 
V10 N rate         
  0 2377 1934     --- 4311 
  112 2297 1830     --- 4127 
  N Rate ns ns     --- ns 
  NR * Hybrid ns ns     --- ns 
V14 N rate         
  0 2894 b 4240 b     --- 7134 
  112 3241 a 4775 a     --- 8016 
  N Rate ** **     --- ns 
  NR * Hybrid ns ns     --- ns 
V16 N rate         
  0 3372 6115 604 10134 
  112 3492 6312 654 10475 
 N Rate ns ns ns ns 
  NR * Hybrid ns ns ns ns 
Early R1 N rate         
  0 3606 7329 878 11901 
  112 3553 7240 896 11737 
 N Rate ns ns ns ns 






Continued Table B.1. Effects of the overall sidedress N rate on the total aboveground plant biomass (DM) per unit area (kg ha-1) at 
multiple development stages in 2013.  
GS Main Effect 
LEAF 
DM 



















R1 N rate               
  0 2956 b 6700 781 b 839     ---     --- 11275 
  112 3142 a 6765 942 a 887     ---     --- 11737 
  N Rate * ns ** ns     ---     --- ns 
  NR * Hybrid ns * ns ns     ---     --- ns 
R2 N rate               
  0 2894 b 6675 b 891 b 1291     ---     --- 11751 b 
  112 3186 a 7352 a 1254 a 1763     ---     --- 13555 a 
  N Rate ** * ** ns     ---     --- ** 
  NR * Hybrid ns ns ns ns     ---     --- ns 
R4 N rate               
  0 3066 b 5994 b 974 b 7329 b     ---     --- 17362 b 
  112 3804 a 6742 a 1234 a 98001 a     ---     --- 21582 a 
  N Rate ** * ** **     ---     --- ** 
  NR * Hybrid ns ns ns ns     ---     --- ns 
R5 N rate               
  0 3229 b 4711 b 776 b 10368 b 1405 b 8963 b 19083 b 
  112 3549 a 5504 a 1079 a 143078 a 1905 a 12402 a 24440 a 
 N Rate ** ** ** ** ** ** ** 
  NR * Hybrid ns ns ns ns ns ns ns 
R6 N rate               
  0 2957 b 5112 b     --- 9726 b 1420 b 8305 b 17795 b 
  112 3225 a 5728 a     --- 12882 a 1782 a 11100 a 21835 a 
    N Rate * *     --- ** ** ** ** 
  NR * Hybrid ns ns     --- * ns * ns 
Ns, not significant; * = p<0.05; ** = p<0.01 T test (LSD). 




Table B.2 Effects of the overall sidedress N rate on the total aboveground plant biomass 
(DM) per unit area (kg ha-1) at multiple development stages in 2014. 
GS Main Effect 
LEAF  
DM 













V6 Nrate           
  0 272 b 116 b     ---     --- 388 b 
  112 295 a 129 a     ---     --- 424 a 
 N Rate ** *     ---     --- * 
  NR * Hybrid ns ns     ---     --- ns 
V10 Nrate           
  0 1847 b 1554 b     ---     --- 3401 b 
  112 2519 a 2229 a     ---     --- 4749 a 
  N Rate ** **     ---     --- ** 
  NR * Hybrid ns ns     ---     --- ns 
V15 Nrate           
  0 2400 b 4074 b     ---     --- 6476 b 
  112 2774 a 5047 a     ---     --- 7913 a 
  N Rate ** **     ---     --- ** 
  NR * Hybrid ns ns     ---     --- ns 
R1 Nrate           
  0 2619 b 5412 b 512 b 286 b 8828 b 
  112 3302 a 7730 a 994 a 765 a 12791 a 
  N Rate ** ** ** ** ** 
  NR * Hybrid ns * ns ns * 
R2 Nrate           
  0 3002 b 6439 b 1578 b 2060 b 13079 b 
  112 3605 a 8445 a 2104 a 4389 a 18543 a 
 N Rate ** ** ** ** ** 




Continued Table B.2. Effects of the overall sidedress N rate on the total aboveground plant biomass (DM) per unit area (kg ha-1) at 
multiple development stages in 2014.  






















R4 Nrate        
  0 2684 b 4963 b 652 b 5078 b 1014 b 4064 b 13377 b 
  112 3392 a 6324 a 1084 a 9552 a 1760 a 7792 a 20352 a 
  N Rate ** * ** ** ** ** ** 
  NR * Hybrid ns ns ns ns ns ns ns 
R5 Nrate        
  0 2887 b 4247 b 792 b 7008 b 993 b 6016 b 14934 b 
  112 3665 a 6146 a 1221 a 12660 a 1651 a 11009 a 23693 a 
  N Rate ** ** ** ** ** ** ** 
  NR * Hybrid ns ns ns ns ns ns ns 
R1R6 Nrate        
  0 1788 b 3848 b 795 b 7153 b 909 b 6244 b 13585 b 
  112 2207 a 5314 a 1158 a 12445 a 1536 a 10909 a 21124 a 
 N Rate ** ** ** ** ** ** ** 
  NR * Hybrid ns ns ns ns ns ns ns 
R6 Nrate        
  0 2369 b 3148 b 589 b 6286 b 873 b 5413 b 12392 b 
  112 2909 a 4777 a 968 a 11243 a 1520 a 9723 a 19897 a 
  N Rate ** ** ** ** ** ** ** 
  NR * Hybrid ** ns ns ns ns ns ns 
Ns=not significant, * = p<0.05, **=p<0.01 





Table B.3 Effects of the overall sidedress N rate on N concentration (Nc) in plant 
components at multiple development stages in 2013.  







V6 Nrate       
  0 4.0 3.6     --- 
  112 3.9 3.6     --- 
  N Rate ns ns     --- 
  NR * Hybrid ns ns     --- 
V10 Nrate       
  0 2.6 b 1.3 b     --- 
  112 2.9 a  1.8 a     --- 
  N Rate ** **     --- 
  NR * Hybrid ns ns     --- 
V14 Nrate       
  0 1.8 b 0.5     --- 
  112 2.2 a 0.8     --- 
  N Rate ** ns     --- 
  NR * Hybrid ns ns     --- 
V16 Nrate       
  0 2.1 b 0.5 b 1.6 b 
  112 2.5 a 0.7 a 1.9 a 
  N Rate ** ** * 
  NR * Hybrid 
ns ns ns 
Early R1 Nrate       
  0 2.2 b 0.5 b 1.6 
  112 2.7 a 0.8 a 1.8 
  N Rate ** ** ns 





Continued Table. B.3. Effects of the overall sidedress N rate on N concentration (Nc) in 
plant components at multiple development stages in 2013.  













R1 Nrate               --- 
  0 2.0 b 0.4 b 1.2 b 2.3 b     ---     --- 
  112 2.4 a 0.5 a 1.3 a 2.5 a     ---     --- 
  N Rate ** ** * **     ---     --- 
  NR * Hybrid ns ns ns ns     ---     --- 
R2 Nrate               --- 
  0 1.6 b 0.24 b 0.9 b 1.8 b     ---     --- 
  112 2.4 a 0.39 a 1.0 1.9 a     ---     --- 
  N Rate ** ** ** **     ---     --- 
  NR * Hybrid ns ns ns ns     ---     --- 
R4 Nrate               --- 
  0 1.2 b 0.2 b 0.5 b 0.9 b     ---     --- 
  112 1.8 a 0.3 a 0.6 a 1.0 a     ---     --- 
  N Rate ** ** * **     ---     --- 
  NR * Hybrid ns ns ** ns     ---     --- 
R5 Nrate             
  0 0.7 b 0.2 b 0.4     --- 0.3 1.0 b 
  112 1.0 a 0.3 a 0.4     --- 0.3 1.2 a 
  N Rate ** ** ns     --- ns ** 
  NR * Hybrid ns * ns     --- ns * 
R6 Nrate             
  0 0.6 b 0.4 b     ---     --- 0.3 1.0 b 
  112 0.9 a 0.4 a     ---     --- 0.3 1.1 a 
  N Rate ** **     ---     --- ns ** 
  NR * Hybrid ns ns     ---     --- ns ns 
        Ns=not significant, * = p<0.05, **=p<0.01 





Table B.4 Effects of the overall sidedress N rate on N concentration (Nc) in plant 
components at multiple development stages in 2014. 
GS Main Effect 








V6 Nrate         
  0 3.3 b 2.7 b     ---     --- 
  112 3.5 a 3.2 a     ---     --- 
  N Rate ** **     ---     --- 
  NR * Hybrid ns ns     ---     --- 
V10 Nrate         
  0 1.9 b 0.8 b     ---     --- 
  112 2.8 a 1.8 a     ---     --- 
  N Rate ** **     ---     --- 
  NR * Hybrid ns **     ---     --- 
V15 Nrate         
  0 1.5 b 0.4 b     ---     --- 
  112 2.2 a 0.8 a     ---     --- 
  N Rate ** **     ---     --- 
  NR * Hybrid ns ns     ---     --- 
R1 Nrate         
  0 1.1 b 0.3 b 1.2 2.2 
  112 2.1 a 0.4 a 1.2 2.3 
  N Rate ** ** ns ns 
  NR * Hybrid * ns ns ns 
R2 Nrate         
  0 0.9 b 0.2 b 0.6 b 1.2 b 
  112 1.8 a 0.3 a 0.7 a 1.3 a 
  N Rate ** ** ** ** 




Continued Table B.4. Effects of the overall sidedress N rate on N concentration (Nc) in 
plant components at multiple development stages in 2014. 









R4 Nrate           
  0 0.8 b 0.2 b  0.4 b 0.4 0.9 b 
  112 1.5 a 0.2 a 0.5 a 0.3 1.1 a 
  N Rate ** ** * ns ** 
  NR * Hybrid ns ns ns ns ns 
R5 Nrate           
  0 0.6 b 0.2 0.4 0.3 b 0.9 b 
  112 1.1 a 0.2 0.4 0.3 a 1.0 a 
  N Rate ** ns ns * ** 
  NR * Hybrid ns ns ns * ** 
R1R6 Nrate           
  0 0.5 b 0.2 b 0.4 0.5 b 0.9 b 
  112 0.9 a 0.3 a 0.4 0.4 a 1.1 a 
  N Rate ** ** ns ** ** 
  NR * Hybrid * ns ns * ns 
R6 Nrate           
  0 0.6 b 0.3 b 0.5 b 0.5 b 0.9 b 
  112 1.0 a 0.3 a 0.5 a 0.4 a 1.0 a 
  N Rate ** ** * ** ** 
  NR * Hybrid ** ns ns * ns 
Ns, not significant; * = p<0.05; ** = p<0.01 T test (LSD). 





Table B.5 Effects of the overall sidedress N rate on total N accumulation (Nu, kg ha-1) in 
plant components at multiple stages in 2013. 













V6 Nrate         
  0 17.6 a 7.6     --- 25.3 
  112 15.6 b 7.3     --- 22.9 
  N Rate * ns     --- ns 
  NR * Hybrid ns ns     --- ns 
V10 Nrate      
  0 62.1 26.6 b     --- 88.7 b 
  112 66.2 34.0 a     --- 100.3 a 
  N Rate ns **     --- ** 
  NR * Hybrid ns ns     --- ns 
V14 Nrate         
  0 53.0 23.3     --- 76.3 
  112 71.8 36.4     --- 108.2 
  N Rate ** **     --- ** 
  NR * Hybrid ns ns     --- ns 
V16 Nrate      
  0 72.6 b 29.2 b 9.6 b 112.9 b 
  112 88.6 a 45.1 a 11.4 a 145.6 a 
  N Rate ** ** * ** 
  NR * Hybrid ns ns ns ns 
Early R1 Nrate         
  0 80.6 b 35.8 14.0 132.9 
  112 95.9 a 58.9 15.6 171.9 
  N Rate * ns ns ns 





Continued Table B.5. Effects of the overall sidedress N rate on total N accumulation (Nu, kg ha-1) in plant components at multiple 
stages in 2013. 
GS Main  Effect 
















R1 Nrate                 
  0 58.6 b 22.6 b 8.5 b 89.7 b 17.9 b     ---     --- 107.5 b 
  112 75.1 a 33.5 a 11.4 a 119.9 a 20.1 a     ---     --- 140.0 a 
  N Rate ** ** ** ** **     ---     --- ** 
  NR * Hybrid ns ns ns ns ns     ---     --- ns 
R2 Nrate                 
  0 44.8 b 16.0 b 7.6 b 68.4 b 20.0 b     ---     --- 88.4 b 
  112 74.4 a 28.2 a 12.7 a 115.2 a 29.4 a     ---     --- 144.7 a 
  N Rate ** ** ** ** **     ---     --- ** 
  NR * Hybrid ns ns ns ns ns     ---     --- ns 
R4 Nrate                 
  0 37.5 b 13.4 b 5.4 b 56.2 b 66.9 b     ---     --- 123.1 b 
  112 66.1 a 21.4 a 7.1 a 94.6 a 101.8 a     ---     --- 196.5 a 
  N Rate ** ** ** ** **     ---     --- ** 
  NR * Hybrid ns ns ns ns ns     ---     --- ns 
R5 Nrate                 
  0 21.7 b 10.5 b 2.8 b 39.2 b 90.6 b 4.3 b 86.3 b 125.6 b 
  112 34.8 a 16.3 a 4.1 a 60.8 a 152.8 a 5.6 a 147.2 a 208.1 a 
  N Rate ** ** ** ** ** ** ** ** 
  NR * Hybrid ns ns ns ns ns ns ns ns 
R6 Nrate                 
  0 19.8 b 18.4 b     --- 42.5 b 86.2 b 4.3 b 81.9 b 124.4 b 
  112 30.5 a 24.6 a     --- 60.4 a 132.0 a 5.3 a 126.7 a 187.1 a 
  N Rate ** **     --- ** ** ** ** ** 
  NR * Hybrid ns ns     --- ns ns ns ns ns 
Ns, not significant; * = p<0.05; ** = p<0.01 T test (LSD). 





Table B.6 Effects of the overall sidedress N rate on total N accumulation (Nu, kg ha-1) in 
plant components at multiple stages in 2014. 



















V6 Nrate             
  0 8.9 b 3.1 b     ---     ---     --- 12.0 b 
  112 10.3 a 4.1 a     ---     ---     --- 14.5 a 
  N Rate * **     ---     ---     --- ** 
  NR * Hybrid * ns     ---     ---     --- ns 
V10 Nrate             
  0 35.2 b 12.4 b     ---     ---     --- 47.6 b 
  112 70.2 a 38.8 a     ---     ---     --- 109.1 a 
  N Rate ** **     ---     ---     --- ** 
  NR * Hybrid ns ns     ---     ---     --- ns 
V15 Nrate             
  0 35.2 b 17.7 b     ---     ---     --- 52.9 b 
  112 61.0 a 39.0 a     ---     ---     --- 101.8 a 
  N Rate ** **     ---     ---     --- ** 
  NR * Hybrid ns ns     ---     ---     --- ns 
R1 Nrate             
  0 28.7 b 13.7 b 5.9 b 48.4 b 6.3 b 54.7 b 
  112 69.9 a 31.4 a  11.6 a 112.8 a 17.1 a 130.0 a 
  N Rate ** ** ** ** ** ** 
  NR * Hybrid ** ns ns * ns * 
R2 Nrate             
  0 26.0 b 11.9 b 9.10 b 47.0 b 24.2 b 71.2 b 
  112 64.7 a 24.0 a 14.3 a 103.0 a 58.3 a 161.3 a 
  N Rate ** ** ** ** ** ** 





Continued Table B.6. Effects of the overall sidedress N rate on total N accumulation (Nu, kg ha-1) in plant components at multiple 
stages in 2014. 
 
GS Main  Effect 
LEAF 
Nu 






















R4 Nrate                 
  0 20.3 b 8.1 b 2.8 b 34.9 b 41.4 b 3.7 37.7 b 72.5 b 
  112 49.7 a 13.8 a 5.4 a 74.7 a 94.0 a  5.8 88.2 a 163.0 a 
  N Rate ** ** ** ** ** ns ** ** 
  NR * Hybrid ns ns ns ns ns ** ns ns 
R5 Nrate                 
  0 17.4 b 7.9 b 3.0 b 31.5 b 53.2 b 3.1 50.1 b 81.6 b 
  112 40.0 a 12.3 a 5.2 a 62.1 a 117.0 a 4.6 112.4 a 174.5 a 
  N Rate ** ** ** ** ** ns ** ** 
  NR * Hybrid ns ns ns ns ns ns ns ns 
R1R6 Nrate                 
  0 9.3 b 8.6 b 3.4 b 25.6 b 58.8 b 4.3 b 54.5 b 80.1 b 
  112 20.1 a 14.7 a 5.0 a 45.9 a 119.6 a 6.1 a 113.5 a 159.4 a 
  N Rate ** ** ** ** ** ns ** ** 
  NR * Hybrid ns ns ns ns ns ns ns ns 
R6 Nrate                 
  0 14.4 b 9.3 b 3.0 b 30.5 b 50.1 b 3.8 46.3 b 76.8 b 
  112 28.2 a 16.3 a 5.2 a 55.3 a 102.8 a 5.5 97.3 a 152.6 a 
  N Rate ** ** ** ** ** ns ** ** 
  NR * Hybrid ns ns ns ns ns ns ns ns 
Ns, not significant; * = p<0.05; ** = p<0.01 T test (LSD). 




Table B.7 N rate x hybrid interaction effects on dry matter accumulation per unit area 
(DM kg ha- 1) in 2013 and 2014. 
Table B.7.1 N rate x hybrid interaction effects for stem DM (kg ha-1) at R1 stage in 2013.  
Hybrid 0N 112N 
2K757 6150 b 6060 b 
NUEB104XN2 6255 b 7079 a 
NUEB104DE7 6592 b 7176 a 
X12764HR 6636 b 6610 ab 
B73xLH51 7867 a 6902 ab* 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 
represent significant difference across N rate. 
Table. B.7.2. N rate x hybrid interaction effects for kernel DM (kg ha-1) at R6 stage in 
2013. 
Hybrid 0N 112N 
2K757 8946 a 11295 ab* 
NUEB104XN2 8362 a 11842 a* 
NUEB104DE7 6557 b 11083 ab* 
X12764HR 8998 a 9829 b 
B73xLH51 8664 a 11450 a* 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 
represent significant difference across N rate. 
Table B.7.3. N rate x hybrid interaction effects for stem DM (kg ha-1) at R1 stage in 
2014. 
Hybrid 0N 112N 
2K757 5569 ab 7372 b* 
NUEB104XN2 5725 a 7823 b* 
NUEB104DE7 6115 a 7425 b 
X12764HR 5571 ab 6740 b 
B73xLH51 4078 b 9289 a* 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 




Table B.7.4. N rate x hybrid interaction effects for total DM (kg ha-1) at R1 stage in 2014. 
Hybrid 0N 112N 
2K757 8915 ab  12582 ab* 
NUEB104XN2  9136 ab 12516 ab* 
NUEB104DE7  9780 a 12113 b* 
X12764HR  9082 ab 12059 b* 
B73xLH51  7229 b 14686 a* 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 
represent significant difference across N rate. 
Table. B.7.5. N rate x hybrid interaction effects for leaf DM (kg ha-1) at R6 in 2014. 
Hybrid 0N 112N 
2K757 2098 b 2573 cd* 
NUEB104XN2 2496 a 3463 a* 
NUEB104DE7 2336 ab 3121 ab* 
X12764HR 2461 a 2879 bc* 
B73xLH51 2454  a 2509 d 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 
represent significant difference across N rate. 
Table B.8 N rate x hybrid interaction effects on N concentration in plant components 
(Nc) in 2013 and 2014. 
Table B.8.1.Interaction effects for stem N concentration (%) at R5 stage in 2013.  
Hybrid 0N 112N 
2K757 0.24 a 0.35 a* 
NUEB104XN2 0.22 a 0.26 d 
NUEB104DE7 0.20 a 0.28 cd* 
X12764HR 0.21 a 0.34 ab* 
B73xLH51 0.23 a 0.30 bc* 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 
represent significant difference across N rate. 
Table B.8.2. N rate x hybrid interaction effects for kernel N concentration (Nc, %) at R5 
in 2013. 
Hybrid 0N 112N 
2K757 0.91 b 1.11 c* 
NUEB104XN2 0.95 ab 1.12 c* 
NUEB104DE7 1.02 a 1.18 bc* 
X12764HR 0.92 b 1.23 ab* 
B73xLH51 0.95 ab 1.28 a* 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 




Table B.8.3. N rate x hybrid interaction effects for leaf N concentration (Nc, %) at R1 
stage in 2014.  
Hybrid 0N 112N 
2K757 0.99 b 2.26 b* 
NUEB104XN2 0.96 b 1.76 d* 
NUEB104DE7 1.00 b 1.92 cd* 
X12764HR 1.19 ab 2.14 bc* 
B73xLH51 1.38 a 2.54 a* 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 
represent significant difference across N rate. 
Table B.8.4. N rate x hybrid interaction effects for kernel N concentration (Nc, %) at R5 
stage in 2014.  
Hybrid 0N 112N 
2K757 0.75 c 0.90 c* 
NUEB104XN2 0.90 b 1.05 ab* 
NUEB104DE7 1.08 a 1.11 a 
X12764HR 0.79 c 1.00 b* 
B73xLH51 0.77 c 1.06 ab* 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 
represent significant difference across N rate. 
Table B.8.5. N rate x hybrid interaction effects for leaf N concentration (Nc, %) at R6 
stage in 2014.  
Hybrid 0N 112N 
2K757 0.64 a 1.11 a* 
NUEB104XN2 0.57 ab 0.82 d* 
NUEB104DE7 0.56 b 0.93 c* 
X12764HR 0.65 a 1.02 b* 
B73xLH51 0.64 a 1.04 ab* 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 




Table B.9. N rate x hybrid interaction effects on N uptake (Nu) in plant components per 
unit area (kg ha-1) in 2014. 
Table B.9.1. N rate x hybrid interaction effects for leaf Nu (kg ha-1) at V6 stage in 2014.  
Hybrid 0N 112N 
2K757 8.28 b 11.46 a* 
NUEB104XN2 7.94 b 10.23 abc* 
NUEB104DE7 10.44 a 10.83 ab 
X12764HR 8.4 b 9.74 bc 
B73xLH51 9.18 ab 9.32 c 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 
represent significant difference across N rate. 
Table B.9.2. N rate x hybrid interaction effects for leaf Nu (kg ha-1) at R1 stage in 2014.  
Hybrid 0N 112N 
2K757 24.38 b 68.79 b* 
NUEB104XN2 29.56 ab 60.80 c* 
NUEB104DE7 29.30 ab 63.98 bc* 
X12764HR 30.92 ab  70.16 b* 
B73xLH51 32.50 a 85.57 a* 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 
represent significant difference across N rate. 
Table B.9.3. N rate x hybrid interaction effects for total Nu (kg ha-1) at R1 stage in 2014. 
 Hybrid 0N 112N 
2K757 50.4 a 128.2 bc* 
NUEB104XN2 50.6 a 110.5 c* 
NUEB104DE7 56.5 a 117.4 bc* 
X12764HR 57.5 a 133.0 b* 
B73xLH51 58.3 a 160.7 a* 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 




Table B.9.4. N rate x hybrid interaction effects for stover Nu (kg ha-1) at R1 stage in 
2014. 
  Hybrid 0N 112N 
2K757 44.0  a 107.3 b* 
NUEB104XN2 45.6 a 98.7 b* 
NUEB104DE7 49.7 a 104.5 b* 
X12764HR 50.2 a 112.1 b* 
B73xLH51 52.5 a 141.4 a* 
Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; represent 
significant difference across N rate. 
Table B.9.5. N rate x hybrid interaction effects for ear Nu (kg ha-1) at R2 stage in 2014.  
Hybrid 0N 112N 
2K757 25.8 a 67.5 ab* 
NUEB104XN2 17.7 a 51.8 cd* 
NUEB104DE7 19.7 a 57.5 bc* 
X12764HR 28.4 a 70.1 a* 
B73xLH51 29.2 a 44.6 d* 
 Within N rate, means with the same letter are not significantly different at p< 0.05. Asterisks *; 
represent significant difference across N rate. 
Table B.10 N rate and hybrid impacts on Anthesis - Silking Interval (ASI) in 2013 and 
2014.  




2K757 14 b -3 b 
NUEB104XN2 26 ab 22 a 
NUEB104DE7 29 a 26 a 
X12764HR - 3  c -21 c 
B73xLH51 17 ab 19 a 
0N 21 a 17 a 
112N 13 b 0.06 b 
• Within each year, means with the same letter are not significantly different from each other at 
p<0.05 T test (LSD). 
• Average of cumulative daily GDD during the silking period for each location was 14 units for 
ACRE 2013, 11 for PPAC and 9 units for ACRE 2014. Hybrid 1 (2K757) = blue, Hybrid 2 
(NUEB104XN2) = green, Hybrid 3 (NUEB104DE7) = red, Hybrid 4 (X12764HR) = yellow and 




Table B.11 Main effects and Interaction effects on dry matter accumulation during the 
grain filling period (postDM) per unit area in each location for 2013 and 2014. 
  Post DM (kg ha-1) 
Location Hybrid 
N rate (kg ha-1) AVG 
Hybrid 0 112 
ACRE 2013 
2K757 7913 13814 10864 
NUEB104XN2 12305 13899 13102 
NUEB104DE7 6429 13900 10164 
X12764HR 5593 8720 7156 
B73xLH51 7961 12421 10194 
AVG N rate 8040 12552 ---- 
PPAC 2013 
2K757 6101 a 7770 ab 6936 
NUEB104XN2 5813 a 9709 a* 7761 
NUEB104DE7 3399 b 7358 b* 5379 
X12764HR 7018 a 6310 b 6664 
B73xLH51 2664 b 7073 b* 4868 
AVG N rate 4999 b 7644 a ---- 
ACRE 2014 
2K757 2589 bc 8814 a 5702 
NUEB104XN2 1981 bc 6408 ab* 4195 
NUEB104DE7 992 c 6426 ab* 3709 
X12764HR 4966 ab 6314 ab 5640 
B73xLH51 6999 a 4914 b 5956 
AVG N rate 3505 b 6575 a ---- 
 For each location, hybrid means within N rate with the same letter are not significantly different 




Table B.12 Main effects and Interaction effects on grain yield (GY) for each site 
experiment (ACRE and PPAC) in 2013 and in one location (ACRE) 2014.  
 GY (kg ha-1) at 15.5% moisture 
Location Hybrids 
N rate (kg ha-1) AVG 
Hybrid 0 112 
ACRE 2013 
2K757 12175 ab 14330 ab 13253 
NUEB104XN2 10492 b 15838 a* 13165 
NUEB104DE7 9872 b 15038 a* 12455 
X12764HR 12017 ab 12276 b 12147 
B73xLH51 13271 a 14102 ab 13686 
AVG N rate  11565 b 14317 a    ---- 
PPAC 2013 
2K757 7606 10197 8901 ab 
NUEB104XN2 7080 10907 8993 ab 
NUEB104DE7 5154 9664 7409 c 
X12764HR 8336 10180 9258 a 
B73xLH51 6284 9897 8090 bc 
AVG N rate 6892 b 10169 a    ---- 
ACRE 2014 
 
2K757 5922 12577 9250 b 
NUEB104XN2 5424 10582 8003 c 
NUEB104DE7 4274 9287 6780 d 
X12764HR 7090 11209 9150 b 
B73xLH51 8552 12493 10522 a 
AVG N rate 6252 b 11230 a    ---- 
 For each location, hybrid means within N rate with the same letter are not significantly different 





Figure B.1 Leaf DM dynamics for each hybrid overtime at 0N and 112N in 2013 and 
2014. 
Hybrid 1 (2K757) = blue, Hybrid 2 (NUEB104XN2) = green, Hybrid 3 (NUEB104DE7) = red, Hybrid 4 
(X12764HR) = yellow and hybrid 5 (B73xLH51) = purple. 
 
Figure B.2 Correlation between GHI and NHI for each hybrid at 0N and 112N in 2013 
and 2014.  
Hybrid 1 (2K757) = blue, Hybrid 2 (NUEB104XN2) = green, Hybrid 3 (NUEB104DE7) = red, 





Figure B.3 Nitrogen recovery efficiency (NRE kg Nu kg-1 N applied) per hybrid in each 
location in 2013 and 2014.  
Error bars represent standard errors. There was no significant hybrid effect (p<0.05) for NRE in 
any location for both years. Hybrid 1 (2K757) = blue, Hybrid 2 (NUEB104XN2) = green, Hybrid 3 
(NUEB104DE7) = red, Hybrid 4 (X12764HR) = yellow and hybrid 5 (B73xLH51) = purple. 
 
Figure B.4 Relationship between GY and total Nu at maturity at N rates 0N and 112N on 
average of both years 2013 and 2014. 
Hybrid 1 (2K757) = blue, Hybrid 2 (NUEB104XN2) = green, Hybrid 3 (NUEB104DE7) = red, Hybrid 4 






Figure B.5 Relationship between GY and NHI at 0N and 112N on average of both years 
2013 and 2014. 
Hybrid 1 (2K757) = blue, Hybrid 2 (NUEB104XN2) = green, Hybrid 3 (NUEB104DE7) = red, Hybrid 4 
(X12764HR) = yellow and hybrid 5 (B73xLH51) = purple. 
 
